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1. General Introduction 
 
1.1. Background 
High-level radioactive waste (HLW) is planned to be vitrified, encapsulated in a metal container 
called overpack, surrounded by bentonite buffer materials, and emplaced in a repository 
constructed in stable rocks at a depth of 300 m or greater. After the emplacement of HLW, 
long-lived radionuclides may be leached from the vitrified waste and may subsequently be 
transported through the buffer material and surrounding rock masses to the biosphere. The 
migration of radionuclides is expected to be retarded by the following processes. (1) Most of the 
radionuclides are poorly soluble and precipitate near the vitrified waste under the disposal 
conditions. The concentrations of these radionuclides in the porewater of the buffer material are 
limited by the solubility of their compounds. (2) The bentonite buffer material provides a 
hydrological barrier. Because of its low permeability, the migration of radionuclides leached from 
the vitrified waste is dominated by slow diffusion through the buffer material. (3) The migration 
of radionuclides released from the buffer material in the geosphere is likely to be dominated by 
groundwater flow in rock fractures, limited by low groundwater velocities, and retarded by 
sorption onto rocks. In safety assessments of HLW disposal system, the migration of 
radionuclides is evaluated by considering these processes.1) 
Safety assessment calculations for hypothetical HLW repositories1) show that selenium-79 
(79Se), a long-lived fission product with a half-life of 2.95105 year, 2) is one of the radionuclides 
that dominate the long-term radiological hazard (Fig. 1-1). The oxidation state of Se varies from 
selenide (Se(−II)) to selenite (Se(IV)) and selenate (Se(VI)) depending on redox conditions of 
groundwater,3) and aqueous species are usually anionic species such as hydrogen selenide (HSe− ), 
selenite (SeO32− ) and selenate (SeO42− ).3) Since the chemical conditions under deep underground 
environments are likely to be anoxic and reducing, Se is likely to be stable as Se(−II) under the 
disposal conditions. Hence, it is necessary to understand the migration behavior of Se(−II) species 
for the safety assessment of HLW disposal system.  
 
1.2. Previous Studies on Migration Behavior of Selenium  
 
1.2.1 Solubility of Selenium 
  Solubilities of radionuclides are determined from equilibrium constants of dissolution reactions 
(K0) and activity coefficients of dissolved species (γ) in safety assessment calculations. The 
equilibrium constant is calculated from thermodynamic data (the standard molar free energies of 
formation (fGm0)) of dissolved species and solubility limiting solids. For example, in the case of 
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the dissolution reaction  
 
A(solid) + B(aqueous) = C(aqueous) + D(aqueous) ,   (1-1) 
 
the standard energy of the reaction (rG0) is calculated from fGm0 values of these species as

rG0 = ΣfGm0(products) − ΣfGm0(reactants)  
 
    = fGm0(C) + fGm0(D) − fGm0(A) − fGm0(B),   (1-2) 
 
and the relationship between K0 and rG0 is  
 
 rG0 = −RT lnK0        (1-3) 
 
where R is gas constant and T is temperature. 3) In calculations of solubilities, the reliability of the 
thermodynamic data and the selection of appropriate solubility limiting solid phases are of key 
importance. Thermodynamic data of Se species were recently compiled by OECD/NEA 
thermochemical database project.3) The values for fGm0, standard molar enthalpy of formation 
(fHm0), standard molar entropy (Sm0), and standard molar heat capacity at constant pressure 
(Cp, m0) of Se species are summarized in Table 1-1. In the literature,3) predominance areas in a 
pH-pe diagram for Se were presented (Fig. 1-2). Under the reducing conditions in deep 
subsurface environments, a Se(−II) species of HSe− is considered to be dominant in neutral 
groundwater1,3) and polyselenide species of Sen2− (n = 1-4) is considered to be dominant in 
alkaline groundwater3,4) induced by cementitious materials in radioactive waste repositories (Fig. 
1-2). The fGm0 of HSe− was reported to be 43.471±2.024 kJ mol−1,3) calculated from fGm0 of 
H2Se(g) (15.217±2.003 kJ mol−1), its solubility in water  
 
H2Se(g) = H2Se(aq)  log K0 = −1.10±0.01    (1-4) 
 
and the first dissociation constant of H2Se(aq) 
 
H2Se(aq) = HSe− + H+ log K0 = −3.85±0.05.    (1-5) 
 
The value for fGm0 of Se2− was reported to be 128.6±3.000 kJ mol−1 calculated from the second 
dissociation constant of H2Se(aq)3)   
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HSe− = Se2− + H+  log K0 = −14.91±0.20.    (1-6) 
 
The value for fGm0 of Sen2− (n = 1-4) was determined from equilibrium constants for reactions 
between polyselenide species by spectrophotometric data,4) 
 
1/2Se22− + e− = Se22−  log K0 = −11.97±0.10    (1-7) 
 
1/3Se32− + 4/3e− = Se2− log K0 = −15.74±0.14    (1-8) 
 
1/4Se42− + 3/2e− = Se2− log K0 = −17.24±0.15.    (1-9) 
 
The solubility limiting solids for Se are likely to be compounds with iron, copper or lead as 
can be observed from natural analogue systems.5,6) In the disposal environments, ferrous ion 
(Fe2+) probably dissolves into groundwater from iron compounds such as pyrite (FeS2) in 
bentonite buffer materials, carbon steel overpack, and its corrosion products. Therefore, the 
solubility of Se was expected to be limited by precipitation of ferroselite (FeSe2)1,5) in the 
previous safety assessment calculations, based on geochemical calculations and the chemical 
analogy with sulfur. Azuma et al.7) showed that the aqueous concentration of Se was decreased by 
several orders of magnitude by precipitation of FeSe2 compared to crystalline selenium (Se(cr)) in 
the disposal environments. Solubility limiting of Se by the precipitation of Fe-Se compounds has 
been investigated by several researchers. Shibutani et al.8) carried out dissolution experiments of 
Se under reducing conditions in the presence of Fe. The experiments were performed from both 
undersaturation and oversaturation directions at room temperature for 4 weeks. The precipitate 
formed in the oversaturation experiments was identified as only Se(cr) by powder X-ray 
diffraction (XRD), namely, the precipitation of Fe-Se compound was not observed and did not 
limit Se solubility. Tachikawa et al.9) carried out dissolution experiments of Se under reducing 
conditions in the presence of Fe from oversaturation direction. The samples were stored at 60C 
for a month. The precipitates were identified as Se(cr), FeSe2(cr), Fe3O4, and FeOOH. However, 
the concentrations of Fe or Se in almost samples were below the detection limit of the 
measurement by inductively coupled plasma mass spectrometry (ICP-MS), the equilibrium 
constant of dissolution reaction of Se could not be determined. Although the possibility of 
solubility limitation of Se by FeSe2 was suggested from solid analysis, the solubility limiting solid 
could not be determined. Kitamura et al.10) carried out dissolution experiments of purified FeSe2 
reagent from undersaturation direction to obtain the equilibrium constant between FeSe2(cr) and 
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SeO32− under reducing conditions. The dependencies of solubility values on pH and redox 
potential were best interpreted that the solubility limiting solid was not FeSe2(cr) but Se(cr). In 
this way, the solubility limiting of Se by Fe-Se compounds has not been observed in laboratory 
dissolution experiments till now. Therefore, uncertainties still remain in the determination of the 
solubility limiting solid of Se. 
Activity coefficients () of dissolved species are needed for a wide range of ionic strength (Im) 
in case of possible intrusion of saline groundwater for coastal repositories. In the previous safety 












I       (1-10) 
 
was adopted.1) This formula is applicable up to an ionic strength of appropriately 0.1 mol kg−1 in 
general.3) At higher ionic strength, the more elaborate activity correction method, such as specific 
ion interaction theory (SIT),3) is necessary to applied. However, the activity correction parameters 
for Se species at high ionic strength are not available.  
 
1.2.2 Diffusivity of Selenium through Bentonite Materials 
 
Diffusivities of radionuclides were evaluated based on experimentally measured diffusion 
coefficients in the previous safety assessment calculations.1) The diffusion data for Se species 
through bentonite materials are scarce,e.g. 11-16), and data obtained under reducing conditions are 
limited (Table 1-2).15, 16) Sato et al.15) obtained apparent diffusion coefficients (Da) for Se(−II) 
species in a compacted bentonite, Kunigel V1, for a range of dry densities from 800 - 1800 
kg m–3 under reducing conditions. The dominant Se species in the porewater is predicted to be 
HSe−. The Da values were between 6.1×10−11 m2 s−1 and 4.3×10−11 m2 s−1, and showed a 
tendency to slightly decrease with increasing dry density of bentonite. Sato et al.16) also obtained 
Da values for Se in compacted bentonite/sand mixture at a dry density of 1600 kg m−3 as a 
function of silica sand content and temperature under reducing conditions, under which the 
dominant species of Se is predicted to be HSe−. The obtained Da values were compared with the 
values for SeO32− obtained under anaerobic conditions. The Da values for HSe− were about one 
order of magnitude smaller than those for SeO32−.  
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The effective diffusion coefficient (De) for Se obtained under reducing conditions, which is 
needed for safety assessment calculations, cannot be found. In the present safety assessments,  
the De value of iodide (I−) is adopted for HSe− (2×10−10 m2 s− 1 at 60C) considering the charge of 
the species in the porewater.1)  
In the long term, the diffusion behavior of radionuclides would change because the swelling 
characteristic of bentonite is likely to be deteriorated by contact with saline groundwater or 
alteration by alkaline groundwater originating from cementitious materials.17) For a long term 
safety assessment, it is necessary to evaluate the variation in diffusion of radionuclides. However, 
the systematic diffusion data, those are necessary for the evaluation of the variation, are not 
available. In addition, it is necessary to understand diffusion phenomena in bentonite porewater 
based on diffusion mechanisms for an interpretation of the variation in diffusion of Se species. 
Many researchers have developed mechanistic diffusion models, such as the pore diffusion model 
that is most widely used,18, 19) the model based on the electric double layer theory,12,20,21) and the 
model considering anion exclusion,22,23) surface diffusion,23-25) interlayer diffusion25-27) and 
Donnan equilibrium.28) However, diffusion models for evaluation of the variable De of anionic 
species depending on the bentonite content and porewater salinity are limited.21,22,28) Van Loon et 
al.22) modeled the diffusion behavior of Cl− in compacted Volclay KWK bentonite as a function of 
the bulk dry density and the ionic strength of the external bulk solution. The effective diffusivity 
of Cl−, De,Cl, is described as  
 
nDD ClCl v,Cl e,   ,        (1-11) 
 
where Dv,Cl is the diffusivity of Cl− in free water (m2 s−1), n is an empirical parameter depending 
on the pore geometry of the porous medium, and Cl is the diffusion-accessible porosity for Cl−. 
Glaus et al.29) applied this model to the diffusion of Cl− through Na-montmorillonite. The 
diffusion-accessible porosity for Cl− which is a key parameter in this model is empirically 
determined. Therefore, it is not certain that this parameter can be applied to the evaluation of De 
of Se species through the other type of bentonite. Birgersson and Karnland28) developed a 
diffusion model based on the Donnan equilibrium as 
 
cce DD     ,        (1-12) 
 
where c is total clay porosity, Dc is the diffusivity in the clay and Ξ is a general ion equilibrium 
 6
constant derived from the Donnan potential of the charged surface of bentonite. They reported the 
estimation of the equilibrium constant for Cl−, Ξcl−, from the cation exchange capacity of 
bentonite and electrolyte (NaCl) concentration in the external solution, but the Ξcl− cannot be 
applied directly to the evaluation of De of tracer Se species. Ochs et al.21) developed a diffusion 
model based on the homogeneous pore structure and electrical double layer theory for bentonite 





  ,        (1-13) 
 
where is the porosity of the compacted bentonite,  is the tortuosity of the diffusive pore, g is 
the geometric constrictivity, and el counts electrostatic effects. Predicted values consist with 
published De data for Cs+, HTO, and TcO4−, and reproduced the trend of De values vs. dry density 
of the bentonite. Tachi et al.30) modified Ochs et al.’s model and predicted the salinity dependence 
of De of Cs+, HTO, and I− reasonably well, but a relatively large discrepancy was observed for De 
of I− at high salinity. This discrepancy was likely to be caused by a complicated pore structure of 
bentonite and consequent variation in anion diffusion, because the model does not take into 
account the variation of the pore structure depending on the porewater salinity.  
 
1.2.3 Sorption of Selenium onto Rocks 
 
Sorption behaviors of radionuclides were evaluated from experimentally measured sorption 
data in the previous safety assessment calculations.1) A considerable amount of Se sorption data 
has been obtained under aerobic conditions,e.g. 31-38) where SeO32− and SeO42− species are 
dominant. Shibutani et al.31) performed butch sorption experiments of Se on granodiorite and tuff. 
Selenium scarcely sorbed on granodiorite, but the fraction of Se sorbed on tuff was above 90% in 
the pH range below 8. The sorption distribution coefficients (Kd) for tuff was 6×10−2 m3 kg−1 at 
pH < 8, and 1×10−3 m3 kg−1 at pH 12. Sorption behavior of Se was analyzed by a surface 
complexation model, assuming the dominant sorbent minerals are biotite, chlorite, and pyrite. 
Tachi et al.32) performed butch sorption experiments and diffusion experiments of Se for tuff. The 
Kd values for tuff obtained by the batch sorption experiments were 2.3×10−2 m3 kg−1 at pH 8 and 
2.5×10−2 m3 kg−1 at pH 11. The Kd values obtained by the diffusion experiments were lower than 
those by the batch experiments, and the differences were one order of magnitude. Comparison of 
pH dependencies of Kd values between tuff and its constituent minerals suggested that Fe 
minerals such as Fe-oxyhydroxide and pyrite contributed to Se sorption on tuff. Fujikawa et al.34) 
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performed butch sorption experiments of SeO32− and SeO42− onto rocks (metamorphosed chert 
and shale, and granodiorite) and minerals (hematite, magnetite and calcite) in 0.001, 0.01, and 0.1 
N solutions of Na2SO4 NaCl, Na2CO3, and NaHCO3. The obtained Kd values were in the range of 
1×10−3 - 3×10−1 m3 kg−1 for each rocks. The Kd increased in the order Na2CO3 < NaHCO3 < NaCl 
< Na2SO4, the difference in the pH of the solution is so large that the effect of ionic competition is 
outweighed by pH. In addition to these experimental studies, the sorption mechanisms of SeO32− 
and SeO42− species onto minerals were almost clarified from modeling studies.33,39) 
On the other hand, data obtained under reducing conditions are limited.36-38) Igarashi et al.36) 
performed butch sorption experiments of Se onto mudstone and sandstone under aerobic 
conditions with 0.01 mol dm−3 sodium hydrosulfite (Na2S2O4) as a reducing agent. The 
obtained Kd values were 1×10−2 - 5×10−1 m3 kg−1 (pH 3.5 - 6.2) for each rocks, and showed 
negative dependence on pH. These values were higher than those without the reducing agent, 
1×10−3 - 1×10−2 m3 kg−1 (pH 8.2 - 8.7). Ticknor et al.36) performed butch sorption experiments of 
Se onto granite, gabbro, and basalt under reducing conditions with 0.08 mol dm−3 hydrazine 
(N2H4) as a reducing agent, at pH 10 and Eh −370 to −260 mV. The obtained Kd values were 
within a range of 3.7×10−3 - 7.9×10−3 m3 kg−1, and lower than the values under aerobic conditions 
(1.1×10−2 - 1.6×10−2 m3 kg−1). Xia et al.40) carried out sorption experiments of Se on sedimentary 
rock samples containing pyrite under reducing conditions. Selenium(IV) in a test solution was 
reduced to Se(−II)/Se(0) by mixed gas (H2 (4.9 %) + N2) in the presence of platinum (Pt) catalyst. 
The obtained Kd values were 6×10−3 - 8×10−2 m3 kg−1, and showed negative dependence on pH. 
These values were higher than those without the reducing agent, 1×10−3 - 1×10−2 m3 kg−1 (pH 
8.2 - 8.7). Most of the Se sorbed on the sedimentary rocks was determined to be Se(0) by X-ray 
absorption near-edge structure (XANES), and the sorption mechanism was explained as 
incorporation into pyrite. Barney et al.37) investigated the sorption of Se onto sandstone and tuff at 
pH 8.5 - 9.5 under reducing conditions (0.05 mol dm−3 N2H4). The obtained Kd values were 
8.7×10−4 - 1.25×10−2 m3 kg−1 for sandstone, and 1.5×10−3 - 1.2×10−2 m3 kg−1 for tuff at 23C. 
They reported that hydrazine failed to reduce SeO32−, the obtained Kd data are not reliable. As 
stated above, sorption data of Se under reducing condition are limited and the sorption 
mechanisms have not been clarified. 
In the previous safety assessments, the Kd values of Se on granite and sand stone under 
reducing conditions were evaluated from limited data obtained by Ticknor et al.36) to be 0.01 
and 0.001 m3 kg−1, respectively. (Table 1-3).41) The data for basalt, tuff, and mudstone were not 
available, therefore, the Kd values for these rocks were evaluated as the same values as those for 
granite. The validity of these evaluations of Kd have not been confirmed. 
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1.3. Outline of the Thesis 
 
As mentioned above, the reliability and validity of the evaluation of the migration behavior of 
Se under the disposal conditions of HLW are not enough. The purpose of this study is to obtain 
the geochemical information on the migration of Se with laboratory experiments to improve 
reliability of the safety assessment of HLW disposal system. For the purpose, this thesis consists 
of 6 chapters as follows. Chapter 1 describes background of this study, previous studies on 
migration behavior of Se, and the objective of this study.  
The solubility of Se under the disposal conditions of HLW is discussed in Chapter 2 and 3. The 
solubility limiting solid of Se near the vitrified waste and overpack is determined by dissolution 
experiments in the presence of Fe under anoxic conditions in chapter 2. In addition, the 
equilibrium constants for the dissolution reactions of Se are directly measured and activity 
coefficients for Se(−II) species are obtained, to confirm the validity of the solubility evaluations 
by using existing thermodynamic data in chapter 3. 
The diffusivities of Se(−II) species in the porewater of bentonite buffer materials are discussed 
in Chapter 4. Systematic De data of Se(−II) species through compacted bentonite materials are 
obtained under variable bentonite content and porewater salinity. Diffusion behaviors of Se(−II) 
species are modeled to quantitatively explain the variations in diffusivity of Se(−II).  
  The sorption characteristics of Se(−II) species onto rocks are discussed in Chapter 5. 
Systematic sorption data of Se(−II) species onto rocks are obtained under variable pH and salinity. 
The sorption data for major constituent minerals and accessory minerals of rocks are also 
obtained to identify which minerals are the most sorbent for Se(−II) species and to discuss the 
sorption mechanisms.  
In chapter 6, finally, a summary of this thesis was provided and the contributions of this study 
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Table 1-1 A part of the available thermodynamic data of Se species compiled in Ref. 3) 
 
0.000 0.000 42.090 25.090
± 0.330 ± 0.300
1.281 2.140 44.970 25.090
± 0.184 ± 0.100 ± 0.400 ± 0.800
128.600 - - -
± 3.000
112.670 - - -
± 6.294
100.590 - - -
± 9.198
97.580 - - -
± 12.149
–171.797 –225.390 67.490 58.230
± 0.620 ± 0.600 ± 0.400 ± 0.180
–86.154 –163.100 91.740 77.240
± 2.222 ± 2.200 ± 1.000 ± 0.790
–362.392 –507.160 –5.055 -
± 1.756 ± 1.130 ± 7.011
–439.485 –603.5 32.965 -
± 1.431 ± 3.500 ± 12.687
43.471 - - -
± 2.024
15.217 29.000 219.000 34.700
± 2.003 ± 2.000 ± 0.100 ± 0.100
21.495 14.300 148.637 -
± 2.003 ± 2.022 ± 1.029
–410.112 –512.330 137.656 -
± 1.166 ± 1.010 ± 5.184
–449.474 –582.700 136.232 -
± 1.312 ± 4.700 ± 16.370
–425.181 –505.320 211.710 -
± 0.849 ± 0.650 ± 3.601
–101.300 –108.700 86.800 72.900
± 15.000 ± 15.000 ± 1.000 ± 1.000
–70.100 –69.600 72.100 57.100
± 4.000 ± 4.000 ± 0.800 ± 0.700
–244.000 –235.000 279.800 220.100
± 30.000 ± 30.000 ± 3.000 ± 2.000
–489.000 –463.500 613.800 442.100



























Se(cr) (= trigonal) 













* : provisional value 
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Table 1-2 Experimentally measured diffusion data of Se through bentonite materials 
 
Bentonite Temperature D e D a Method Reference
（C） (m2 s-1) (m2 s-1)
400 100 20.0 - 4.310-10
400 100 20.0 - 4.610-10
800 100 20.0 - 1.410-10
800 100 20.0 - 1.710-10
1400 100 20.0 - 6.810-11
1400 100 20.0 - 8.010-11
1800 100 20.0 - 3.210-11
800 85 23.6 - 1.710-10
800 85 23.6 - 4.310-10
1400 85 23.6 - 2.210-10
1400 85 23.6 - 1.610-10
1800 85 23.7 - 6.110-11
1800 85 23.7 - 2.310-10
1800 100 22.9 8.110-12 -
1800 100 22.5 6.110-12 -
1800 70 23.0 - 1.110-11
1800 70 23.0 - 1.210-11
1600 100 22.5 - 5.010-12
1600 100 22.5 - 4.010-12
1600 100 60.0 - 1.010-11
1600 100 60.0 - 1.010-11
1600 70 22.5 - 5.010-12
1600 70 22.5 - 1.010-11
1600 70 60.0 - 3.010-11
1600 70 60.0 - 3.010-11
1600 50 22.5 - 2.510-11
1600 50 22.5 - 2.510-11
1600 50 60.0 - 8.010-11
























































Table 1-3 Distribution coefficients of Se onto rocks evaluated in the present safety assessment 
quoted from Ref. 41). FRHP: fresh-reducing-high pH, FRLP: fresh-reducing-low pH, 
SRLP : saline-reducing-low pH, SRHP: saline-reducing-high pH, and MRNP: 
mixing-saline-reducing-neutral pH. 
 
FRHP FRLP SRHP SRLP MRNP
Distribution Granite 0.01 0.01 0.01 0.01 0.01
coefficient Basalt 0.01 0.01 0.01 0.01 0.01
(m3 kg–1) Sandstone 0.001 0.001 0.001 0.001 0.001
Tuff 0.01 0.01 0.01 0.01 0.01
Mudstone 0.01 0.01 0.01 0.01 0.01
Water pH 8.47 5.70 7.98 5.91 7.01
composition pe –4.75 –2.64 –5.12 –2.69 –4.12
Ionic strength
(mol dm–3)















Fig. 1-1 A case of the results of safety assessment calculations for HLW repositories (doses 



























Fig.1-2 Predominance areas in a pH-pe diagram for the H-O-Se system at standard conditions, 
quoted from Ref. 3). The total concentration of selenium is 10−6 mol dm−3. 
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The solubility of Se is expected to be limited by ferroselite (FeSe2) in the previous safety 
assessment calculations.1,2) The aqueous concentration of Se is considered to be decreased by 
several orders of magnitude by FeSe2 compared to crystalline Se (Se(cr)) in the disposal 
environments. However, the low concentrations of Se limited by Fe-Se compounds have not been 
observed in laboratory dissolution experiments till now.3-5) Therefore, there is a possibility of 
underestimation of the solubility of Se. 
In this chapter, dissolution experiments of Se in the presence of Fe under reducing conditions 
were performed to determine the solubility limiting solid of Se in the disposal environments. The 
experiments were carried out under the conditions under which FeSe2 was thermodynamically 




2.2.1. Stock Solutions 
Stock solutions were prepared in a controlled atmosphere glove box (pO2 < 10−6 atm) under 
argon (Ar). Selenium(−II) stock solution was prepared by the following procedure. An 
appropriate amount of powdered solid elemental Se (Wako Pure Chemical Ind. Ltd.) was soaked 
in a sodium hydroxide solution (NaOH, 0.01 mol dm−3) for 7 days in a polypropylene test tube to 
remove soluble impurities such as SeO2. Three grams of washed powdered Se was dissolved in a 
1 cm3 volume of 98 % hydrazine monohydrate (N2H4H2O) and diluting it with a 39 cm3 volume 
of 1mol dm−3 NaOH solution.6) The pH of the Se solution was adjusted to 6 with hydrochloric 
acid (HCl). The Se solution was filtered through 0.45m filter (Millipore) to remove the 
precipitate of Se and diluted with distilled deionized water (WT-100U, Yamato Scientific Co., 
Ltd) to adjust the ionic strength to 0.1 mol dm−3. 
Fe(II) stock solution was prepared by using powdered metallic Fe (Rare Metallic Co., Ltd) 
without using a reagent of iron dichloride (FeCl2) to prevent a contamination of ferric ion (Fe3+) 
in the solution. Three grams of powdered metallic Fe were dissolved in 39 cm3 of 2 mol dm−3 
HCl solutions. After a day, the color of the solution turned blue by the formation of ferrous ion 
(Fe2+), the solution was filtered through 0.45m filter to remove the unreacted powered Fe. One 
cm3 of 98 % N2H4H2O was added to the solution and the pH was adjusted to the same value as 
the Se(−II) stock solution with a NaOH solution, to prevent precipitation of Se solid (Se(s)) by 
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change of pH or Eh when Se(−II) and Fe(II) stock solutions were mixed. The solution was 
filtered through 0.45m filter to remove the white precipitate of ferrous hydroxide (Fe(OH)2)7) 
and diluted with distilled deionized water to adjust the ionic strength to 0.1 mol dm−3.  
 
2.2.2. Dissolution Experiments 
Dissolution experiments of Se were performed from both undersaturation and oversaturation 
directions at 25C, 45C, and 60C. The temperatures at 45C and 60C were set to simulate 
temperature in the disposal environments1) and to promote generation of Fe-Se compounds. 4) 
Sodium chloride (NaCl) was used as ionic strength adjuster and N2H4H2O was used as a 
reducing agent. All the experiments were performed in 50 cm3 polypropylene centrifuge tubes in 
the controlled atmosphere glove box under Ar, and the tubes were agitated once a day. The 
sample tubes for the experiments at 45C and 60C were placed in constant temperature ovens. 
The equilibration period was 240 days. 
The oversaturation experiments were carried out by mixing 10 cm3 volume of Fe(II) and 
Se(−II) stock solutions which had been maintained at desired temperature of 25C, 45C, or 60C. 
After a week, a part of the precipitate was removed for analysis by powder X-ray diffraction with 
cobalt tube (XRD, Rigaku Co., Ltd).  
Two types of solids were used in the undersaturation experiments, one was a precipitate 
formed by the oversaturation method at 60C (self-assembled precipitate) and the other was a 
commercial reagent of FeSex (Mitsuwa Chemical Co., Ltd) (purchased reagent). Prior to the start 
of the experiments, 1 gram of above mentioned solids were washed with 0.1 mol dm−3 N2H4H2O 
solution and a part of the solid was removed for XRD analysis. The N2H4H2O solution was then 
replaced by 40 cm³ of a solution consisting of 0.1 mol dm−3 NaCl and 0.05 mol dm−3 N2H4H2O.  
 
2.2.3. Analyses 
After 240-day, the pH and Eh of the sample suspensions were measured at room temperature. 
The pH was measured with a combination glass electrode (ROSS 8172BNWP, Thermo Fisher 
Scientific Inc.) calibrated with standard pH buffer solutions of 4, 7, and 10, and the Eh was 
measured with a platinum electrode (ROSS 9180BNMD, Thermo Fisher Scientific Inc.) after 
checking with saturated quinhydrone solutions. A 2 cm3 aliquot was sampled from the 
suspensions and ultrafiltered through 10,000 nominal molecular weight limit (NMWL) 
regenerated cellulose filter (Millipore Co.) after filtering a small amount of sample solution for 
preconditioning. The filtration was performed at room temperature, since the available filters 
were not applicable for filtrations at 45C and 60C. One cm3 was taken out of the grove box and 
oxidized by adding a 2 or 3 cm3 volume of 30 % hydrogen peroxide (H2O2) to prevent 
 20
precipitation and volatilization of Se. After diluting the solution with 10 cm3 3% nitric acid, the 
concentrations of Se and Fe were determined by inductively coupled plasma mass spectrometry 
(ICP-MS, JMS-PLASMAX2, JEOL Ltd.). The detection limit was 10−9 mol dm−3 for Se and 10−7 
mol dm−3 for Fe. The remaining solution was used to analyze aqueous Se species by UV-Vis 
spectrometry (JASCO, V-570). At the end of the equilibration period, part of the solid phase was 
taken and dried at 60C in the controlled atmosphere glove box, taken out of the glove box, and 
analyzed by XRD in atmospheric conditions.  
 
2.3. Results and Discussion 
 
Figure 2-1 shows the XRD patterns of the solid phases obtained from the oversaturation 
experiments after 7 days and 240 days of aging. The solid phases after 7 days of aging were 
identified as ferroselite (FeSe2), magnetite (Fe3O4), and goethite (FeOOH) at all temperatures. 
Goethite would have been generated by oxidation of Fe(OH)2 soon after taking the solid phase 
out of the glove box. After 240-day equilibration, the peaks of FeSe2 grew at 60C, Se(cr) was 
identified in addition to the above mentioned solid phases at 45C, and the peaks of only Fe3O4 
were observed at 25C. Therefore, FeSe2 and Se(cr) were recognized as candidates of the 
solubility limiting solid. The difference in the solid phases with temperature might be caused by 
slow crystallization kinetics of Se(s) and FeSe2. 
Figure 2-2 shows the XRD patterns of the solid phases obtained from the undersaturation 
experiments before and after the experimental period at 25C. The same patterns were observed 
in the solids at 45C and 60C. In the systems using the self-assembled precipitates as the initial 
solids, the solid phases were identified as FeSe2, Fe3O4, and FeOOH before and after the 
experimental period. In the systems using the purchased reagents as the initial solids, peaks of 
FeSe2, Fe7Se8, FeSe, and Se(cr) were observed in the solid before the experimental period. After 
240-day equilibration, the peaks of Se(cr) disappeared, the peaks of Fe7Se8 weakened, and the 
peaks of FeSe2 grew. The change of these peaks indicates that Se(cr) and Fe7Se8 would change to 
thermodynamically stable FeSe2, by the reaction of 6Se(cr) + Fe7Se8 = 7FeSe2. From these results, 
FeSe2 was recognized as candidates of the solubility limiting solid. 
Experimental data of the sample solutions are summarized in Table 2-1. Low pe values of the 
sample solutions show that the reducing agent was effective enough to prevent oxidation during 
the experimental period. The experimental conditions are plotted on pH-pe diagrams for the 
system H-O-Se and H-O-Se-Fe shown in Fig. 2-3. The experimental conditions 
thermodynamically prefer the formation of FeSe2 (Fig. 2-3(b)). UV-Vis spectra of the sample 
solutions from undersaturation direction exhibit absorption bands at 247 nm and 377 nm as 
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shown in Fig. 2-4. These peaks were assigned to HSe− and Se42−, respectively.8,9) Peaks assigned 
to any Se species were not detected in spectra of the sample solutions from oversaturation 
direction because of low Se concentration.  
The dissolution reaction of FeSe2 which was identified in the solids by XRD can be described 
as 
 
0.5FeSe2 + H+ + e− = 0.5Fe2+ + HSe−   K10.    (2-1) 
 
The ion activity product (Q) for the dissolution reaction of FeSe2  
 
Q = aFe2+0.5 aHSe−aH+−1 ae−−1        (2-2) 
 
was estimated from experimental data. The activities of Fe2+ and HSe−, aFe2+ and aHSe− , were 
determined from the total concentrations of these elements and the equilibrium constants between 
major species by using following equations.  
 
[Fe]tot = [Fe2+] + [Fe(OH)+] = (aFe2+) / (Fe2+) + (aFe(OH)+) / (Fe(OH)+)  (2-3) 
 
Fe2+ + H2O = Fe(OH)+ + H+  K20 = 10−9.5 10)    (2-4) 
 
[Se]tot = [HSe−] + 4[Se42−] = (aHSe−) / (HSe−) + 4(aSe42−) / (Se42−)   (2-5) 
 
Se42− + 4H+ + 6e− = 4HSe−  K30 = 10−13.4 11)    (2-6) 
 
The activity coefficient () was calculated by using the extended Debye-Hückel limiting law.12) 
The values of the ion activity product shown as equation (2-2) obtained from the experiments at 
25C were calculated to be ranging between 10−5.4 and 10−4.3 (Table 2-1). These values were 3 to 
4 orders of magnitude higher than the value of K10 = 10−8.6 calculated from the existing 
thermodynamic data of ΔfGm0(FeSe2) = −101.3 kJ mol−1,11) ΔfGm0(Fe2+) = −90.5 kJ mol−1,10) and 
ΔfGm0(HSe−) = 43.471 kJ mol−1.11) This disagreement indicates that FeSe2 with a solubility 
product of 10−8.6 did not limit the solubility of Se under the experimental conditions. The Q values 
could not be accurately calculated at 45C and 60C, because the data of pH, Eh, and the Se and 
Fe concentrations were obtained at room temperature, and because the data for temperature 
correction of the activities of HSe− and Se42− were not available. It is, however, not likely that the 
concentrations of Se and Fe limited by FeSe2 in the sample tubes increase remarkably during the 
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cooling to room temperature, thus the Q values at 45C and 60C estimated from the data 
measured at room temperature are possible to compare with the value of K10 calculated from the 
existing thermodynamic data. Since the Q values at 45C and 60C were similar to that at 25C, it 
was not probable that FeSe2 limit the solubility of Se at also 45C and 60C.  
To determine the solubility limiting solid of Se, a slope analysis was performed for dissolution 
reactions of FenSe. The dissolution reaction can be described as  
 
FenSe + H+ + (2−2n)e− = nFe2+ + HSe−   K40,    (2-7) 
 
where solids with the n value of 0, 0.5, 0.75, 0.875, and 1.04 are known.11) The relationship of 
aHSe− , aFe2+, pH and pe can be described as 
 
(log aHSe− + pH +2pe) = −n (log aFe2+ − 2pe) + log K40.    (2-8) 
 
Figure 2-5 shows the correlation between (log aHSe− + pH +2pe) and (log aFe2+ − 2pe). Using 
the least squares method, the slope was determined to be −0.050.07 for 25C, which virtually 
indicates n = 0. Then, 
 
Se(s) + H+ + 2e− = HSe−    K50    (2-9) 
 
is probably the predominant dissolution reaction. The plot of the data obtained from both the 
oversaturation and undersaturation experiments are identical, which assures the attainment of the 
equilibrium within 240 days.  
Applying a least-squares fitting on the experimental data obtained at 25C to the Eq. (2-9) 
yields the equilibrium constants of log K50 = −7.46±0.11. This value agrees with the value of 
log K0 = −7.62±0.06 for the reaction of Se(cr) + H+ + 2e− = HSe− calculated from the existing 
thermodynamic data of ΔfGm0(Se(cr)) = 0 kJ mol−1 and ΔfGm0(HSe−) = 43.471 kJ mol−1 11) within 
errors. From the results, the solubility limiting solid of Se is determined to be Se(cr), although 
Se(cr) was not be detected by XRD in most samples. Formed Se(cr) was likely to be blow the 
detection limit of XRD which is in the order of a few %. 
The plots of the data obtained at 45C and 60C showed similar tendency to those at 25C, as 
shown in Fig. 2-5. The equilibrium constants were not strictly calculated at 45C and 60C, but 






The solubility limiting solid of Se in the disposal environments was determined by dissolution 
experiments in the presence of Fe under reducing conditions. Ferroselite which was the most 
thermodynamically stable solid phase under the experimental condition was identified in the 
solids by XRD. However, the values of ion activity product for the reaction of 
0.5FeSe2 + H+ + e− = 0.5Fe2+ + HSe− obtained from both undersaturation and oversaturation 
directions were 3 to 4 orders of magnitude higher than the equilibrium constants calculated from 
existing thermodynamic data. The dominant dissolution reaction of Se was determined as 
Se(s) + H+ + 2e− = HSe− and its equilibrium constant was determined to be log K0 = −7.46±0.11. 
This value agrees with the value of log K0 = −7.62±0.06 calculated from existing thermodynamic 
data of Se(cr) within errors. We concluded that the solubility limiting solid is Se(cr) in the 
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Table 2-1 Measured Se and Fe concentration from under- and oversaturation directions after 
240-day equilibration in 0.1 mol dm-3 NaCl / 0.05 mol dm-3 N2H4 solutions, and the ion 










Stock solution Fe(II) 5.96 –5.1  2.3610-1
Se(-II) 6.57 –6.3 5.3810-3 
Undersatulation Purchased 25 9.17 –5.3 4.6810-5 1.5410-5 –4.7
reagent 9.61 –6.1 2.3410-4 9.4310-6 –4.3
45 9.30 –6.8 3.8110-3 2.8110-6 –3.9
9.41 –5.2 3.4510-5 1.1210-5 –4.9
60 9.21 –5.2 7.0910-5 6.1510-5 –4.4
9.11 –5.2 2.4410-5 4.6410-5 –4.6
Self-assembled 25 9.52 –5.1 1.1810-5 9.8310-5 –4.6
precipitate 9.54 –5.2 1.3810-5 2.3910-6 –5.4
45 9.40 –5.1 7.6210-6 1.1810-6 –5.6
9.45 –5.1 1.1210-4 8.3210-5 –4.4
60 9.15 –4.9 2.8810-5 4.5810-6 –5.3
9.16 –4.9 1.9010-5 3.0910-5 –4.9
Oversatulation 25 5.29 –3.7 3.5510-6 9.8810-3 –5.2
6.08 –4.0 5.4710-6 7.5410-4 –5.1
45 5.53 –4.1 3.8910-6 9.1210-3 –5.3
4.06 –3.1 5.2110-6 1.1010-2 –5.7
60 5.31 –3.8 1.7610-5 7.2310-3 –4.7



































Fig. 2-1 XRD patterns of the solid phases obtained from oversaturation experiments after 7 
days (upper) and 240 days aging (lower). The solid phases after 7 days aging were identified 
as ferroselite (FS2: FeSe2), magnetite (m: Fe3O4) and goethite (g: FeOOH) at all 
temperatures. After 240-day equilibration, the peaks of FeSe2 grew at 60C, Se(cr) was 
identified in addition to the above mentioned solid phases at 45C, and the peaks of only 
Fe3O4 were observed at 25C.   
 














































































































Fig. 2-2 XRD patterns of the solid phases obtained from undersaturation experiments before 
and after equilibration. In the system using the self-assembled precipitates (upper), FeSe2, 
Fe3O4 and FeOOH were identified before and after equilibration. In the system using the 
purchased reagents (lower), the peaks of FeSe2, Fe7Se8, FeSe, and Se(cr) were observed 
before equilibration, but the peaks of Se(cr) disappeared after 240-day equilibration.  
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mm g m m
FS : FeSe,　　　　  　Se: Se(cr)
FS2: FeSe2,           m: Fe3O4



































































 Fig. 2-3 pH-pe diagrams for the system H-O-Se (a) and H-O-Se-Fe (b). The activities for 
























































































Fig. 2-4 UV-Vis spectra of the Se(−II) stock solution and sample solutions from the 
undersaturation direction after 240-day equilibration. The absorption band at 247 nm was 
assigned to HSe− anion and the one at 377 nm to Se42− 
 















HSe–      : Se(–II) stock solution





























Fig. 2-5 A plot of (log aHSe− + pH +2pe) versus (log aFe2+ − 2pe). The circles (, ), 
triangles (, ) and squares (, ) represent the data obtained at 25C, 45C and 60C, 
respectively. Open marks and closed marks represent the data obtained from the 
undersaturation and the oversaturation experiments, respectively. The lines represent the 








































The solubility of Se is expected to be limited by Se(cr) in the disposal environments (chapter 2). 
Under the disposal condition of HLW, dominant Se species are considered to be HSe− in neutral 
groundwater1), and polyselenide species of Sen2− (n = 1-4) in alkaline groundwater1-3) induced by 
cementitious materials. Therefore, the equilibrium constants of the reactions 
 




 nSe(cr) + 2e−  = Sen2−         (3-2) 
 
are critical for evaluating the solubility of Se. To confirm the validity of the equilibrium constants 
of dissolution reactions (3-1) and (3-2) calculated from existing thermodynamic data, and to 
obtain activity coefficients of Se species at high ionic strength in the case of possible intrusion of 
saline groundwater for coastal repositories, dissolution experiments of Se were performed as a 




3.2.1. Dissolution Experiments 
Dissolution experiments of Se were performed from both undersaturation and oversaturation 
directions. A mixture of NaCl and N2H4H2O was used. The ionic strength of the solution was 
adjusted to 0.1, 1.0, or 2.0 mol dm−3 using NaCl, and N2H4H2O (0.05 mol dm−3) was used to 
maintain chemically reducing conditions. Prior to the start of the dissolution experiments from the 
undersaturation direction, 2 grams of powdered solid elemental Se were soaked in 30 cm3 of 0.01 
mol dm−3 NaOH solution for 7 days in a polypropylene test tube to remove soluble impurities 
such as SeO2. After removing a small amount of the solid phase for analysis by XRD, the NaOH 
solution was replaced by the same volume of the fresh mixture solution. The pH of the solution 
was adjusted to a desired value between 5 and 13 with NaOH or HCl.  
The Se stock solution used in the oversaturation experiments was prepared in a controlled 
atmosphere glove box under Ar by the following procedure. An appropriate amount of powdered 
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Se was soaked in a 0.01 mol dm−3 NaOH solution for 7 days in a polypropylene test tube to 
remove soluble impurities. Ten grams of washed powdered Se was dissolved in a 2 cm3 volume 
of 98% N2H4H2O solution and diluted with a 48 cm3 volume of 1.5 mol dm−3 NaOH solution.4) A 
2 cm3 volume of the Se stock solution was mixed with a 2 cm3 volume of 1.5 mol dm−3 HCl and 
diluted to 30 cm3 with NaCl solution to adjust the ionic strength. The pH of the sample solutions 
was adjusted to a desired value between 5 and 13 with HCl. The ionic strength of the sample 
solutions was 0.1, 1.0, or 2.0 mol dm−3 and the concentration of N2H4H2O was 0.05 mol dm− 3 in 
all the sample solutions. 
The sample solutions were stored in the controlled atmosphere glove box at 25.0±1.0 C and 
agitated once a day. After a 40-day equilibration, the pH and Eh of the solutions were measured. 
The pH was measured with a combination glass electrode (ROSS 8172BNWP, Thermo Fisher 
Scientific Inc.) which is suitable for the measurement of high-ionic-strength samples, calibrated 
with standard pH buffer solutions of 4.01, 7.00, and 10.01. The Eh was determined in relation to a 
normal hydrogen electrode (NHE) using a platinum electrode combined with a Ag/AgCl 
reference electrode (ROSS 9180BNMD, Thermo Fisher Scientific Inc.) after checking its 
accuracy with saturated quinhydrone solutions. A small amount of the solid phase was removed 
for analysis by XRD. A 5 cm3 aliquot was sampled and filtered through a 10,000 NMWL 
regenerated cellulose filter (Amicon Ultra, Millipore), which is available for alkaline samples 
(< 0.5 mol dm−3 NaOH), after preconditioning with a small amount of the sample solution. One 
cm3 of filtered sample solution was removed from the glove box and oxidized by adding a 2 or 3 
cm3 volume of 30 % H2O2 to prevent the precipitation and volatilization of the Se. After diluting 
the solution with 3% nitric acid, the concentration of Se was determined by ICP-MS. The 
remaining solution was used to determine the aqueous Se species by UV-Vis spectrometry.  
 
3.2.2. Determination of pH  
Due to the difference in activity coefficients between the calibration buffers and those of the 
high-ionic-strength solutions, the observed pH (pHobs) can be shifted from pH(= −log aH+) as 
given by  
 
pHobs = pH + pH.        (3-3) 
 
The pH value was determined by measuring the pHobs of NaCl/HCl and NaCl/NaOH solutions 
of known H+ and OH− concentrations in the controlled atmosphere glove box under Ar to avoid 
the effect of CO2. The pH of the solution was estimated using the following relationships: 
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pH = − log [H+] − log H+      (acid solutions) (3-4) 
 
pH = −log Kw + log [OH−] + log OH− − log aH2O   (basic solutions) (3-5) 
 
where Kw is the ion product of water (1.0110−14), 5) and aH2O is the activity of water (0.9966, 
0.9661, and 0.9284 for the ionic strengths of 0.1, 1.0, and 2.0 mol dm−3,1) respectively). The 
activity coefficients of H+ and OH−, H+ and OH−, were estimated with the specific ion interaction 
theory (SIT)1) as  
 
log H+ = − D + ε(H+, Cl−) Im       (3-6) 
 
log OH- = − D + ε(Na+, OH−) Im       (3-7) 
 
where ε(H+, Cl−) and ε(Na+, OH−) are ion interaction coefficients, 0.12±0.01 and 0.04±0.01,1) 
respectively, Im is the molal ionic strength (0.10046, 1.0215, and 2.0858 mol kg−1 for the ionic 










        (3-8) 
 
The pH value was determined from the difference between pH and pHobs by least-squares fitting 
on the measured pHobs (Fig. 3-1) as  
 
pH = 0.00±0.02    at I = 0.1 mol dm−3, 
 
pH = −0.19±0.02   at I = 1.0 mol dm−3, 
 
pH = −0.30±0.03   at I = 2.0 mol dm−3. 
 
The correct pH value corresponding to the H+ ion activity is then given by 
 




3.3. Results and Discussion  
 
Experimental data from the solubility determinations are summarized in Table 3-1. Only 
crystalline Se (trigonal) could be identified by XRD in the washed purchased solid elemental Se 
employed for the undersaturation experiments. The solid phase, formed by precipitation in the 
oversaturation experiments, was initially red but turned black in a few days. The XRD pattern of 
the red solid phase was broad (Fig. 3-2), indicating the absence of an appreciable crystal phase 
and the formation of overall amorphous Se. After equilibration for all the experiments, all the 
XRD peaks of the solid phase were assigned to crystalline trigonal Se as shown in Fig. 3-3. 
Therefore, amorphous and crystalline Se were recognized as candidates of the solubility limiting 
solid.  
UV-Vis spectra of the sample solutions at the pH range between 5 and 8 show an absorption 
band at 245 nm. This peak was assigned to HSe−.2,3,6) At pH between 9 and 13, the sample 
solutions were reddish and showed absorption bands at 220, 282, and 377 nm. These results are 
indicative of the formation of Se42−.2,3) The UV-Vis spectra of the 1.0 mol dm−3 NaCl sample 
solutions at pH 7 and pH 10 are shown in Fig. 3-3 as representative examples. The same patterns 
were observed at samples with ionic strengths of 0.1 and 2.0 mol dm−3. The governing dissolving 
reactions of Se can then be described as 
 
Se(s) + H+ + 2e− = HSe−     K1  (5 < pH < 8) and    (3-10) 
 
   4Se(s) + 2e− = Se42−          K2  (9 < pH < 13).     (3-11) 
 
At pH between 8 and 9, the chemical potentials of HSe− and Se42− are approximately the same. 
Reaction (3-10), involving the reduction of Se(0) to Se(−II) and participation of a proton, is 
represented by a straight line with a slope of (–1) on the plot of (log [total Se concentration] + 
2pe) versus pH, and reaction (3-11) shows the line with a slope of 0 (Fig. 3-4). The plots of the 
data obtained under various pe conditions show good agreement with Eqs. (3-10) and (3-11). In 
addition, the plots of the data obtained from both oversaturation and undersaturation directions 
are identical, confirming that equilibrium was attained during the experimental periods. The large 
difference in the concentrations of Se between the oversaturation and the undersaturation 
experiments at similar pH (Table 3-1) is caused by the difference in pe values. 
The conditional equilibrium constants for K1 and K2 for reactions (3-10) and (3-11) are 
described as  
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K1 = [HSe−] (aH+)−1 (ae−)−2  and      (3-12) 
 
K2 = [Se42−] (ae−)−2,        (3-13) 
 
where (aM) is the activity of species M. The total Se concentration, [Se]tot, is given as  
 
[Se]tot = [HSe−] + 4[Se42−] = K1 (aH+) (ae−)2 + 4K2 (ae−)2.   (3-14) 
 
Applying the least-squares fitting on the measured total Se concentrations to the Eq. (3-14) yields 
the conditional equilibrium constants of reactions (3-10) and (3-11), log K1(0.1 mol dm−3) = 
−6.53±0.09 and log K2(0.1 mol dm−3) = −16.24±0.09 in the 0.1 mol dm−3 NaCl solutions, 
log K1(1 mol dm−3) = −6.23±0.12 and log K2(1 mol dm−3) = −15.79±0.12 in the 1.0 mol dm−3 NaCl 
solutions, and log K1(2 mol dm−3) = −6.38±0.10 and log K2(2 mol dm−3) = −15.68±0.10 in the 2.0 
mol dm−3 NaCl solutions (Table 3-2). The regression line shows a good fit to the experimental 
data as shown in Fig. 3-4. The uncertainty associated with the log K values are associated with 
the uncertainty in the least-squares fitting.  
The equilibrium constants at zero ionic strength (log K0) were also estimated with SIT.1) The 
equilibrium constant determined in a solution of the non zero ionic strength is related to the 
corresponding value at zero ionic strength,  
 
log K10 = log K1 + log HSe−        (3-15) 
 
log K20 = log K2 + log Se42−  .       (3-16) 
 
The activity coefficient, i, can be described as 
 
log i − zi2 D + εij mj ,       (3-17) 
 
where zi is the charge of species, D is the Debye-Hückel term, ij is the ion interaction coefficient 
for ion i and oppositely charged electrolyte ion j, and mj (mol kg−1) is the molal concentration of 
ion j. 1) The value of mj is equal to the molal ionic strength, Im (mol kg−1), for a 1:1 electrolyte 
solution. By plotting (log K – z2 D) versus Im, a straight line with the slope ij and intercept log K0 
can be obtained as  
 
log K1 − D = −ε(HSe−, Na+) Im + log K10      (3-18) 
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log K2 − 4D = −ε(Se42−, Na+) Im + log K20 .     (3-19) 
 
The equilibrium constants for reactions (3-10) and (3-11) were found to be log K10 = −6.57±0.15 
and log K20 = −16.67±0.03, respectively (Fig. 3-5). The plot of log K1 data do not show clear 
tendency (Fig. 3-5(a)) due to the variation in the measured data, and thus, the log K10 has 
comparatively large uncertainty. The corresponding ion interaction coefficients were ε(HSe−, Na+) 
= −0.01±0.10 and ε(Se42−, Na+) = −0.03±0.02, as determined from the plot in Fig. 3-5. These 
values are nearly 0, indicating that most of the interactions of these Se species with Na+ are 
coulomb attractions, which are considered in the Debye-Hückel theory. The value of ε(HSe−, Na+) 
is within the range of the variations of the previously reported values for monovalent anions 
(−0.18 to 0.08),1) and that of ε(Se42−, Na+) within the range of the values for divalent anions 
(−0.30 to −0.02). 1) The activity coefficients for HSe− and Se42− in Na-rich solution can be 
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 .     (3-21) 
 
The value obtained for log K10 = −6.57±0.15 is higher than the value of log K0 = −7.62±0.06 
for reaction (3-10) calculated from the existing thermodynamic data of ΔfGm0(Se(cr)) = 0 kJ mol−1 
and ΔfGm0(HSe−) = 43.471±2.024 kJ mol−1.1) Shibutani et al. also reported a higher equilibrium 
constant of log K0 = −6.48±0.01, obtained from aqueous dissolution experiments, than that 
calculated from the existing thermodynamic data.7) This inconsistency between the equilibrium 
constants is not due to the overestimation of the existing data of ΔfGm0(HSe−), but likely to the 
low crystallinity of the solubility-limiting solid in the aqueous experiments. Maes et al.8) reported 
that the solubility of Se under Boom Clay conditions was dependent on the respective solid phase 
formed. In that case, the solubility limited by amorphous Se (2.210−8 mol dm−3) was about one 
order of magnitude higher than that by crystalline Se (1.510−9 mol dm−3). In this experiment, the 
solid phase after equilibration was identified as crystalline Se by XRD; however, the solubility of 
Se was not limited by crystalline Se probably due to the rapid precipitation and slow 
crystallization kinetics of amorphous Se. For this reason, Eq. (3-10) is applicable to an amorphous 
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form of Se, Se(am), with a log K10 value of −6.57±0.15, 
 
Se(am) + H+ + 2e− = HSe−    log K10 = −6.57±0.15.    (3-22) 
 
The standard molar free energy of formation of Se(am) can be determined as ΔfGm0(Se(am)) = 6.0
±2.2 kJ mol−1, from the obtained equilibrium constant K10 and the existing thermodynamic data 
of ΔfGm0(HSe−). This value is higher than that of glassy Se (2.7 kJ mol−1).9)  
On the other hand, the value obtained for log K20 = −16.67±0.03 agrees with that for 
log K0 = −17.1±2.1, as calculated from existing thermodynamic data of 
ΔfGm0(Se(cr)) = 0 kJ mol−1 and ΔfGm0(Se42−) = 97.580±12.149 kJ mol−1.1) Assuming that the 
solubility-limiting solid for the reaction (3-11) was crystalline Se which was identified by XRD 
after equilibration, the standard molar free energy of formation of Se42− was determined to be 
ΔfGm0(Se42−) = 95.14±0.17 kJ mol−1. Licht and Forouzan2) determined the equilibrium constants 
for reactions between polyselenide species using spectrophotometric data, 
 
Se32− + Se2− = 2Se22−,    log K30 = 0.7±0.1     (3-23) 
 
2Se42− + Se2− = 3Se32−,    log K40 = 4.0±0.1     (3-24) 
 
which were found to be independent of the ionic medium employed and agree with the value of 
log K30 = 0.67±2.30 and log K40 = 3.85±4.13 calculated from existing thermodynamic data.1) The 
standard molar free energies of formation of Se22− and Se32− were calculated to be ΔfGm0(Se22−) = 
111.64±1.61 kJ mol−1 and ΔfGm0(Se32−) = 98.68±1.02 kJ mol−1 from the equilibrium constants of 
reactions (3-23) and (3-24), and the standard molar free energies of formation, ΔfGm0(Se2−) = 
128.600±3.000 kJ mol−1 1) and ΔfGm0(Se42−) = 95.14±0.17 kJ mol−1. Meanwhile, assuming that the 
solubility-limiting solid for the reaction (3-11), as well as for the reaction (3-22), was amorphous 
Se, the standard molar free energy of formation of Se42− is calculated to be 
ΔfGm0(Se42−) = 119.1±4.4 kJ mol−1 from log K20 = −16.67±0.03 and 
ΔfGm0(Se(am)) = 6.0±2.2 kJ mol−1. Using this value, the standard molar free energies of 
formation of Se22− and Se32− were calculated to be ΔfGm0(Se22−) = 119.6±1.9 kJ mol−1 and 
ΔfGm0(Se32−) = 114.7±2.3 kJ mol−1, respectively. Based on these values for polyselenide species, 
Se42− is less stable than Se32− under any pH-pe condition because the value of ΔfGm0(Se42−) is 
larger than that of ΔfGm0(Se32−). This inconsistency is not due to the equilibrium constants for the 
reactions between polyselenide species, but due to overestimated ΔfGm0(Se42−). Therefore, the 
solubility limiting solid of reaction (3-11) was likely to be crystalline Se. Harañczyk et al.10) have 
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investigated the morphology of precipitated Se compounds by reduction of aqueous selenite 
solution. The redox reaction proceeds fast at the low pH region and the solid phase formed was 
amorphous red Se. The redox reaction at the high pH region (pH > 8) proceeds slowly and black 
crystalline Se appeared directly from the solution. In the same manner, the crystallization of Se 
was presumed to be promoted by a slow redox reaction at the high-pH region in this study. In 
addition, this phenomenon can be inferred from the difference in the structure between crystalline 
Se and amorphous Se. The crystalline Se (trigonal) is known to consist of polymeric Sen 
chains,11,12) while amorphous Se consists of closed Se8 rings at room temperature13). Kawarada 
and Nishina14) reported that the crystal transformation of Se is attributed to the polymerization of 
short chains in solution. Since the structure of Se42− is a straight chain,15,16) the crystallization of 
Se was presumed to occur through polymerization and homogeneous nucleation17) of Se42− at the 
high-pH region. For this reason, Eq. (3-11) is applicable to a crystalline form of Se with a log K20 
value of −16.67±0.03,  
 
4Se(cr) + 2e− = Se42−        log K20 = −16.67±0.03.     (3-25) 
 
The datasets of the standard molar free energies of formation of amorphous Se, hydrogen selenide, 
and polyselenide species are tabulated in Table 3-3. The standard molar free energies of 
formation of polyselenide species agree with the existing thermodynamic data1) and have a 




The equilibrium constants of the dissolution reaction of Se under reducing conditions and ion 
interaction coefficients for Se species were obtained by dissolution experiments. The solubility 
limiting solid and the dominant dissolved species were determined as Se(am) and HSe− at pH 
between 5 and 8. The equilibrium constant of dissolution reaction was obtained as, 
 
 Se(am) + H+ + 2e− = HSe−    log K10 = −6.57±0.15. 
 
The solubility of Se limited by Se(am) can be about 1 order of magnitude higher than that limited 
by Se(cr). However, the solubility of Se will be limited by Se(cr) near overpacks in the disposal 
environments, because the concentration of HSe− was likely to be limited by Se(cr) in the 
presence of Fe (chapter 2). The standard molar free energy of formation of Se(am) was obtained 
as ΔfGm0(Se(am)) = 6.0±2.2 kJ mol−1, from the obtained equilibrium constant K10 and the 
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existing thermodynamic data of ΔfGm0(HSe−). 
The solubility limiting solid and the dominant dissolved species were determined as Se(cr) and 
Se42− at pH between 9 and 13. The equilibrium constant of dissolution reaction was obtained as 
 
 4Se(cr) + 2e− = Se42−   log K20 = −16.67±0.03. 
 
This value agrees with the value calculated from existing thermodynamic data. The validity of the 
equilibrium constants of dissolution reactions calculated from existing thermodynamic data was 
confirmed. The standard molar free energy of formation of Se42− was determined to be 
ΔfGm0(Se42−) = 95.14±0.17 kJ mol−1. By using this value and the existing equilibrium constants of 
reactions between polyselenide species, the standard molar free energies of formation of other 
polyselenide species, ΔfGm0(Se22−) = 111.64±1.61 kJ mol−1 and ΔfGm0(Se32−) = 98.68±1.02 kJ 
mol−1 were determined. These values also agree with the existing thermodynamic data and have 
smaller uncertainty. 
The ion interaction coefficients for HSe− and Se42− versus Na+, (HSe−, Na+) = −0.01±0.10 and 
(Se42−, Na+) = −0.03±0.02, were also determined. These values were within the range of the 
variations of the existing values for mono- or divalent anions. The solubility of Se in Na-rich 
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Table 3-1 Measured selenium solubilities from under- and oversaturation directions after 40-day 






of Se (mol dm-3) pH pe
Concentration
of Se (mol dm-3)
0.1 5.11 –3.1 3.2610-6 6.16 –5.5 9.0410-3
5.31 –3.1 1.0810-6 6.38 –5.6 8.6810-3
5.73 –3.5 5.7310-6 6.43 –5.7 9.3210-3
5.84 –3.5 4.2110-6 6.66 –5.8 1.1710-2
6.75 –3.6 2.8110-6 6.75 –5.8 1.3610-2
7.18 –4.1 6.9810-6 7.53 –6.2 1.6710-2
7.87 –4.4 1.0310-5 7.60 –6.2 1.9310-2
8.27 –4.4 1.6310-6 8.18 –6.5 2.5510-2
8.96 –5.2 4.6310-5 8.31 –6.5 2.3710-2
9.05 –5.1 3.3910-5 8.53 –6.6 1.5310-2
9.79 –6.1 2.7310-4 9.11 –6.0 2.5310-4
10.40 –6.4 1.0210-3 9.16 –6.3 8.0210-4
11.46 –6.5 2.7210-3 9.19 –6.9 4.1310-2




























of Se (mol dm-3) pH pe
Concentration
of Se (mol dm-3)
1.0 4.94 –2.8 8.4210-6 6.48 –5.7 2.7910-2
5.55 –3.2 1.1110-5 6.52 –5.8 2.6510-2
6.06 –3.4 2.8110-6 6.80 –6.0 3.0710-2
6.19 –3.5 1.1710-5 6.93 –6.2 3.0410-2
6.65 –3.8 3.4010-6 7.36 –6.2 3.5310-2
7.61 –4.3 9.6210-6 7.43 –6.3 3.5010-2
7.89 –4.4 8.6710-5 7.49 –5.9 2.1510-2
8.81 –4.9 3.4310-6 7.76 –6.0 2.7010-2
9.88 –5.9 2.6910-4 7.88 –6.5 2.9410-2
10.66 –5.9 1.8710-3 7.92 –6.2 3.5110-2
10.71 –6.4 2.9810-3 8.31 –6.6 4.9410-2
11.04 –6.7 1.7210-2 8.56 –6.5 4.7710-2
11.89 –6.5 1.0210-2 8.69 –6.8 5.3810-2





























of Se (mol dm-3) pH pe
Concentration
of Se (mol dm-3)
2.0 4.44 –2.7 5.3910-6 6.64 –5.9 2.6010-2
4.61 –2.9 6.1010-6 6.67 –5.9 2.5610-2
4.96 –2.6 2.5210-6 7.18 –6.1 3.0110-2
6.20 –3.5 5.9310-6 7.27 –6.1 3.1610-2
6.25 –3.5 6.0310-6 7.49 –6.4 3.2910-2
7.03 –3.9 4.0210-6 7.56 –6.3 3.5410-2
8.31 –4.6 1.5410-5 7.57 –6.3 3.4110-2
9.32 –5.2 1.0910-4 7.59 –6.5 3.6710-2
10.32 –6.3 9.6910-4 7.75 –6.5 3.4110-2
10.63 –6.1 2.6910-3 7.78 –6.5 3.8310-2
10.91 –6.5 3.7110-3 8.29 –6.5 4.5510-2
11.30 –6.7 1.8410-2 8.43 –6.5 4.7510-2
11.81 –6.7 1.2210-2 8.61 –6.5 5.5010-2
















Table 3-2 Conditional equilibrium constants, log K1 and log K2, of reactions (3-10) and (3-11) 
 
Ionic strength







Table 3-3 Equilibrium constants and standard molar free energies of formation of amorphous 
selenium, hydrogen selenide and polyselenide species 
 
ΔfG m0 Previously
(kJ mol-1) reported 1)
Se(am) Se(am) + H+ + 2e- = HSe–  This work 6.0±2.2 －
H2Se(aq) H2Se(g) = H2Se(aq)  [3] same as on the right 21.495±2.003
HSe– H2Se(aq) = HSe
– + H+  [3] same as on the right 43.471±2.024
Se2– HSe– = Se2– + H+  [3] same as on the right 128.600±3.000
Se2
2– Se3
2– + Se2– = 2Se2
2–  [4] 111.64±1.61 112.670±6.294
Se3
2– 2Se4
2– + Se2– = 3Se3
2–  [4] 98.68±1.02 100.590±9.198
Se4
2– 4Se(cr) + 2e– = Se4
2–  This work 95.14±0.17 97.580±12.149































Fig. 3-1 Plot of pH (= −log aH+) versus observed pH (pHobs) obtained by measuring NaCl/HCl 


































   
  














Fig. 3-2 XRD pattern of the fresh precipitation from aqueous solutions (lower) and the solid 
obtained after equilibration (upper) in the oversaturation experiment. The broad pattern 
(lower) indicates amorphous phase. Only solid elemental selenium (trigonal) was 
identified after equilibration, and the same patterns were observed in undersaturation 
experiments for the solid phase before and after equilibration. 













































Fig. 3-3 UV-Vis spectra of the sample solutions. The absorption band at 245 nm was assigned to 
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Fig. 3-4 Plot of (log [total selenium concentration] + 2pe) vs. pH. The open triangles represent the 
data obtained from the undersaturation experiments; the closed diamonds represent the 
data obtained from the oversaturation experiments. The curve represents the 










































































Fig. 3-5 Extrapolation of the equilibrium constant of the dissolution reaction of  
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The bentonite buffer material is designed to consist of 70 wt% bentonite and 30 wt% sand, and 
its dry density is 1600 kg m−3.1) Compacted bentonite/sand mixture shows low hydraulic 
conductivity because of swelling of montmorillonite which is the main component of 
bentonite.1,2) Migration of radionuclides in the buffer material can be assessed with effective 
diffusion coefficients (De) and distribution coefficients (Kd) when advection is negligible.1,2) In 
the long term, the diffusion behavior of radionuclides would change because the swelling 
characteristic of bentonite is likely to be deteriorated by contact with saline groundwater or 
alteration of montmorillonite by alkaline groundwater originating from cementitious materials.2) 
For a long-term safety assessment of geological disposal of HLW, it is necessary to evaluate the 
variation in diffusion coefficient of radionuclides under geological disposal conditions and 
understand the diffusion behavior based on diffusion mechanisms. 
In this chapter, systematic De data of Se(−II) species through compacted bentonite/sand mixture 
were obtained under reducing conditions by the through-diffusion method. Effective diffusion 
coefficients of Se(IV) species were also obtained under anaerobic conditions for the comparison. 
Experiments were carried out under variable bentonite content and porewater salinity. Diffusion 
behaviors of anionic Se species were modeled based on the electric double layer theory and the 




4.2.1. Selenium Stock Solutions 
Selenium(−II) stock solution was prepared in a controlled atmosphere glove box under Ar by 
the following procedure. An appropriate amount of powdered Se was washed by soaking in a 
0.01 mol dm−3 NaOH solution for 7 days in a polypropylene test tube to remove soluble 
impurities. About 0.1 g of washed powdered Se was dissolved in a 0.5 cm3 volume of 98% 
N2H4H2O solution to be diluted with 100 cm3 volume of 0.1 mol dm−3 NaOH solution.3) The 
concentration of Se was approximately 0.01 mol dm−3. The solution was stored for 3 days to 
reduce the Se and filtered through 10,000 NMWL ultrafilter to remove precipitated Se.  
Selenium(IV) stock solution was prepared by dissolving 0.87 g of sodium selenite (Na2SeO3, 
Wako Pure Chemical Ind. Ltd.) in 100 cm3 of 0.01 mol dm−3 NaOH solution under Ar. The 
concentration of Se was 0.05 mol dm−3. 
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4.2.2. Through-Diffusion Experiments  
Through-diffusion experiments were carried out under variable bentonite content and 
porewater salinity. Experimental conditions are summarized in Table 4-1. The employed 
bentonite material was Kunigel V1 (Kunimine Industries Co. Ltd.), which contained 46 - 49 wt% 
Na-montmorillonite.4) Mixtures of Kunigel V1 and silica sand were compacted to an acrylic 
diffusion column of 20 mm diameter and 10 mm thickness. The dry density of the mixture 
specimen was 1600 kg m−3. Sodium chloride solutions with three types of salinities, 0.05, 0.1, and 
0.5 mol dm−3, were employed, simulating brackish groundwater and sea water. The pH of the 
solution was adjusted to around 12 by adding 1 mol dm−3 NaOH solution, simulating alkaline 
groundwater originating from cementitious materials.2) Kubo et al. reported that montmorillonite 
was scarcely altered at pH 11.5 and 50C for 360 days.5) In addition, the amount of 
montmorillonite in compacted bentonite/sand mixtures did not decrease in a few months at pH 13 
and 130C in a previous study;6) bentonite is not likely to be altered at pH 12 and room 
temperature during the experimental period.  
Acrylic diffusion cells7) were used in this study. Each side of the bentonite/sand mixture was 
covered with sintered stainless steel filters with a porosity of 40% and 1 mm thickness, to avoid 
expansion of the bentonite into the reservoirs. The assembled diffusion cell was soaked in the 
NaCl/NaOH mixed solution of the same composition as used in the subsequent diffusion 
experiment under vacuum to evacuate all air from the pores in the specimens.  
Through-diffusion experiments for Se(−II) were performed in the controlled atmosphere glove 
box under Ar at 25 ± 3C. The mixture ratio of Kunigel V1 and silica sand was varied as 7:3, 6:4, 
5:5, 4:6, 3:7, and 2:8 in dry weight. The reservoirs were filled with 110 cm3 volume of 
NaCl/NaOH mixed solutions. The bentonite/sand mixtures were preconditioned prior to diffusion 
runs to avoid precipitation of Se in the porewater. A 0.5 cm3 volume of 98% N2H4H2O solution 
was added to one side of the reservoirs; the concentration of N2H4H2O was 0.1 mol dm−3. After 3 
months, the Eh of the solution on the other side of the reservoirs was confirmed to be sufficiently 
low by using a platinum electrode combined with a Ag/AgCl reference electrode after checking 
its accuracy with saturated quinhydrone solutions.  
The blank solution was prepared by adding a 2.5 cm3 volume of 98 % N2H4H2O solution to a 
1000 cm3 volume of the NaCl/NaOH mixed solution, so the concentration of N2H4 was 0.05 
mol dm−3. The starting solution was prepared by adding a 4 cm3 volume of the Se(−II) stock 
solution to a 1000 cm3 volume of the blank solution. The concentration of Se was 5×10−5 mol 
dm−3. A 1 cm3 aliquot of the solution was sampled to determine the aqueous Se species by 
UV-Vis spectrometry. The pH was measured with a combination glass electrode (ROSS 
8172BNWP, Thermo Fisher Scientific Inc.) which is suitable for the measurement of 
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high-ionic-strength samples, calibrated with standard pH buffer solutions of 7.00, 10.01, and 
12.46. The Eh was determined in relation to NHE. 
Through-diffusion runs were started by placing the starting solution in the “high-concentration 
reservoir” and the blank solution in the “low-concentration reservoir”. At 3- to 7-day intervals, 
0.02 and 0.2 cm3 aliquots were taken from the high-concentration and the low-concentration 
reservoirs, respectively, to determine the concentration of Se. The 0.2 cm3 aliquot removed from 
the low-concentration reservoir was replaced by an equal volume of the blank solution to 
maintain the water levels in the two reservoirs. This balancing avoids the occurrence of a pressure 
difference that leads to advective transport from the high-concentration to the low-concentration 
reservoir. The concentration of Se in the low-concentration reservoir (c2) was corrected as8) 
 













nn     (4-1) 
 
  1     1,21,2  nc'c , 
 
where c2,n is the corrected concentration of Se in the n-th sampling solution (mol dm−3), c’2,n the 
measured concentration in the n-th sampling solution (mol dm−3), V the volume of the solution in 
the low-concentration reservoir (110 cm3), and Vi the volume of i-th sampling solution (0.2 cm3). 
The sample solutions were removed from the glove box and oxidized by adding a 0.1 cm3 volume 
of 30% hydrogen peroxide (H2O2) to prevent the precipitation and volatilization of Se. After 
diluting the solution with 3% nitric acid, the concentration of Se was determined by ICP-MS. 
After diffusion experiments, the pH and Eh of the solutions were measured. The remaining 
solution was used to determine the aqueous selenium species by UV-Vis spectrometry. 
Through-diffusion experiments for Se(IV) were also performed in the controlled atmosphere 
glove box under Ar at 25 ± 3C. The mixture ratio of Kunigel V1 and silica sand was varied as 
7:3, 5:5, and 2:8 in dry weight. The NaCl/NaOH mixed solutions with the desired concentration 
were used as blank solutions. The starting solution was prepared by adding a 1 cm3 volume of the 
Se(IV) stock solution to a 1000 cm3 volume of the blank solution, so the concentration of Se(IV) 
was 5×10−5 mol dm−3. Through-diffusion runs for Se(IV) were performed in the same manner as 





4.3. Experimental Results 
 
The experimental conditions are plotted on pH-pe diagrams for the system Se-O-H9) shown in 
Fig. 4-1. Based on the pH and pe conditions, the dominant Se species in the experimental solution 
was estimated to be HSe− and SeO32− for Se(−II) and Se(IV), respectively.  
Figure 4-2 shows the UV-Vis spectra of the Se(−II) starting solution of 0.1 mol dm−3 NaCl and 
the experimental solution in the high-concentration reservoir of 2-9 cells (0.1 mol dm−3 NaCl, 
bentonite/sand = 5/5) after diffusion experiment as representative examples. The UV-Vis spectra 
show an absorption band at 245 nm, which was assigned to HSe−,10,11) and the ones assigned to 
Se42− at 282 and 377 nm. 10,11) The same patterns were observed in samples under other conditions. 
The concentration of Se, CSe, present as HSe− in the starting solution was determined to be 
1.9×10−5 mol dm−3 from the absorbance (a = 0.142 at 245 nm), molar extinction coefficient, (ε = 




aC Se  ,         (4-2) 
 
and that present as Se42− was 2.3×10−5 mol dm−3 from a (= 0.041 at 377 nm) and ε (= 1804 cm−1 
mol−1 dm3 at 377 nm for Se42−).10) The total concentration of Se in the starting solution 
determined by UV-Vis spectrometry (4.2×10−5 mol dm−3) roughly agreed with that determined by 
ICP-MS (4.5×10−5 mol dm−3). After diffusion experiments, the concentration of Se present as 
HSe− in the high-concentration reservoir of 2-9 cells was determined to be 1.5×10−5 mol dm−3 
from a (= 0.114 at 245 nm), and that present as Se42− was 1.8×10−5 mol dm−3 from a (= 0.032 at 
377 nm). The total concentration of Se determined by UV-Vis spectrometry (3.3×10−5 mol dm−3) 
also roughly agreed with that determined by ICP-MS (3.5×10−5 mol dm−3). The concentration of 
HSe− in the experimental solution was 45% of the total Se concentration through the experimental 
periods. Peaks assigned to any Se species were not detected in spectra of the sample solutions in 
the low-concentration reservoir because of the lower Se concentration than the detection limit 
(1×10−5 mol dm−3). 
Figures 4-3(a) and 4-3(b) show the time dependence of the concentrations of Se(-II) in the 
high-concentration reservoir and in the low-concentration reservoir of 2-9 cells (0.1 mol dm−3 
NaCl, bentonite/sand = 5/5) as representative examples. The concentration of Se(−II) in the 
low-concentration reservoir was compensated for the decrease caused by the sampling of the 0.2 
cm3 aliquots for analysis. Changes in the concentration of Se(−II) in both of the reservoirs are 
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nonlinear for 80 days after the start of the diffusion. A diffusion coefficient of Se(−II) was 
determined from the linear portion of the curve starting after 80 days. The Fick’s 1st law of 
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 ,        (4-3) 
 
where J is the diffusive flux (mol m−2 s−1). Diffusive flux at the surface of the bentonite/sand 
mixture facing the high-concentration reservoir, J1, and that facing the low-concentration 















2   ,      (4-4) 
 
where V is the volume of the solution reservoirs (1.1×10−4 m3), S the cross section of the 
bentonite/sand mixture (3.14 ×10−4 m2), and c1 and c2 the concentrations of diffusing species in 
the high-concentration reservoir and the low-concentration reservoir (mol m−3), respectively. 
When J1 was equal to J2, diffusive mass transfer through the specimen was in steady state, and De 
was calculated. The linear concentration change of Se(−II) was fitted to a linear regression line to 
determine value for J1 and J2 tabulated in Table 4-2. The diffusive fluxes, J1 and J2, were 
identical, which ensured a steady state of the diffusion and allowed the calculation of De.  
Effective diffusion coefficients of Se(−II) in the bentonite/sand mixtures, Deb, were determined 














  ,       (4-5) 
 
where L is the total column length including thickness of filters (1.2×10−2 m), Lb the column 
length of the bentonite/sand mixture (1.0×10−2 m), Lf the thickness of the filter (1.0×10−3 m), and 
Def the effective diffusion coefficient in the filter (m2 s−1). The Def was determined from the 
through-diffusion experiments for the filter. Figure 4-3(c) shows the time dependence of the 
concentrations of Se(−II) in the high-concentration reservoirs and low-concentration reservoirs. 
The concentration changes were independent of the salinity of the experimental solution and were 
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analyzed by using the exact solution for the decreasing inlet concentration–increasing outlet 
concentration diffusion equation proposed by Zhang et al.13) The concentration of diffusing 
species at position x and time t is described as 
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  ,        (4-7) 
 
c1(0) is the initial concentration of Se in the starting solution in the high-concentration reservoir 
(mol m−3), and V1 and V2 the volumes of the high-concentration reservoir and the 
low-concentration reservoir (1.1×10−4 m3), respectively. The Def of Se(−II) was determined to be 
1.210−10 m2 s−1 from Eq. (4-6). The Deb values of Se(−II) were determined to be within a range 
from 10−12 to 10−11 (m2 s−1) using Eq. (4-5) (Table 4-2).  
Figures 4-4(a) and 4-4(b) show the time dependence of the concentrations of Se(IV) in the 
high-concentration reservoir and in the low concentration reservoir of 4-5 cells (0.1 mol dm−3 
NaCl, bentonite/sand = 5/5) as representative examples. The concentration of Se(IV) in the 
low-concentration reservoir was compensated for the decrease caused by the sampling of the 0.2 
cm3 aliquots for analysis. Because the Se concentration in the high-concentration reservoir was 
almost constant through out the experimental period, and the concentration changed linearly with 
time for the low-concentration reservoir in the period of 0-84th day; the De for Se(IV) was 

































 ,   (4-8) 
 
Initial condition: c(t, x) = 0, t = 0, 0 < x < L, 
Boundary conditon: c(t, 0) = c1, t > 0, x = 0, 
c(t, L) = 0, t > 0, x = L, 
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where Q(t) (= c’2(t)×V) is the total amount of the tracer permeated through bentonite (mol), S the 
surface of the column (3.14×10−4 m2), t the time (s), x the distance from the interface between the 
high-concentration reservoir and the filter (m), and α the rock capacity factor (=  + ρmix Kd),  the 
porosity, ρmix the dry density of the bentonite/sand mixture (kg m−3), and Kd the distribution 
coefficient (m3 kg−1). After a long time when the mass transfer through the bentonite/sand mixture 













Vtc'   ,       (4-9) 
 
De and α can be obtained from c’2(t)/c1(0) in the steady state phase of the diffusion by a linear 
regression analysis of the data. Effective diffusion coefficients of Se(IV) in the bentonite/sand 
mixtures, Deb, were determined by correcting a loss of concentration gradient in the filter by using 
Eq. (4-5). Figure 4-4(c) shows the time dependence of the concentrations of Se(IV) in the 
high-concentration reservoirs and in the low-concentration reservoirs from the through-diffusion 
experiments for the filter. The concentration changes were independent of the salinity of the 
experimental solution. The Def of Se(IV) was determined to be 1.310−10 m2 s−1 from Eq. (4-6). 
The Deb values of Se(IV) were determined to be within a rage from 10−12 to 10−11 (m2 s−1) using 
Eq. (4-5) (Table 4-2).  
The Deb values of Se(−II) are plotted versus bentonite content in Fig. 4-5(a) with previously 
reported ones of monovalent anionic species, 15,16) Cl− (Diffusion coefficient in free water: Dv = 
2.032×10−9 m2 s−1 17)) and I− (Dv = 2.045×10−9 m2 s−1 17)). Figure 4-5(b) shows the Deb values of 
Se(IV) compared with the previously reported ones of SeO32− 18) and divalent oxyanionic species, 
CO32− 15,16) (Dv = 9.23×10−10 m2 s−1 17)). The Deb values of Se(−II) are about a half-order of 
magnitude lower than the previously reported ones of Cl− and I−, and those of Se(IV) are in the 
same range as the previously reported ones of SeO32− and CO32−. 
The Deb values of Se(−II) and Se(IV) decreased with increasing bentonite content and with 
decreasing salinity. Similar tendencies have been reported for anionic species in bentonite by 
many researchers and considered to be due to anion exclusion.19,20) The anion exclusion is 
primarily due to the difference in the concentration of ions between in external bulk solutions and 
in porewater of bentonite.21) To quantitatively explain the diffusion behavior of anionic Se species, 
the concentration and diffusivity of Se in the bentonite porewater were modeled based on the 





The schematic drawing of the conceptual diffusion model is depicted in Fig. 4-6 and all the 
parameters required for this model are listed in Table 4-3. In this model, it is assumed that  
- bentonite/sand mixture is homogeneous and the pores are saturated with water; 
- pores in bentonite/sand mixtures consist of two types of space; one is the space between 
mineral particles (macro pore) and the other is the space between montmorillonite layers 
(interlayer pore);  
- pores are treated as equidistant parallel sheets; 
- the diffusion and distribution of ions are affected by the negative surface charge of 
montmorillonite; 
- an ion is treated as a point charge; 
- the basal surface of montmorillonite forms an electric double layer27) and the surface 
potential was approximated using ζ potential21,23) 
- tracer anionic species diffuse through only the macro pore, because the interlayer pore is very 
narrow; thus, the double layers in the interlayers overlap and the electric potential in the 
truncated layer becomes large leading to a complete exclusion of anions from the 
interlayer;28,29)  
- the number of layers in montmorillonite stacks changes depending on the bentonite content 
and porewater salinity.29) 
The diffusive flux of anionic species, J (mol m−2 s−1), was expressed using the effective 
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where Cb is the concentration of diffusing species in external bulk solution (mol m−3), Cmp the 
concentration of diffusing species in macro pore (mol m−3), and x the position parallel to 
montmorillonite layers (m). 
 
4.4.1. Concentration of Diffusing Species in the Macro pore  









mp   ,  (4-11) 
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where dmp is the macro pore width (m), and C(X) the concentration of diffusing species at position 
X normal to montmorillonite layers (mol m−3). According to the Boltzmann distribution, the ion 
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where Zd is valence of diffusing species, e is elementary electric charge (1.602×10−19 C), ψ(X) is 
electric potential (V), k is Boltzmann constant (1.381×10−23 J K−1), and T is temperature (K). The 

















 ,     (4-13) 
 
where ε is the permittivity (6.954×10−10 F m−1 for water), Zi the valence of electrolyte ion i (-), 
and nbi the concentration of electrolyte ion i in the external bulk solution (m−3). An analytical 
function of the ψ(X) derived by considering the overlap of electric potential distributions from pair 
of planes21) was used for an electrolyte of z+–z−. The surface potential, ψ0, was determined from ζ 
potential measurement. Shibutani et al.31) reported that the ζ potential of montmorillonite was 
independent of pH but dependent on salinity. The values under 0.01 mol dm−3 NaCl conditions 
were similar to those under 0.1 mol dm−3 NaCl conditions, but obviously higher than those under 
0.5 mol dm−3 NaCl conditions. The ψ0 was assumed to be −56.5 mV for 0.05 and 0.1 mol dm−3 
NaCl, and −30mV for 0.5 mol dm−3 NaCl.23,31) 
 
4.4.2. Diffusivity in the Macro pore  
  The Dmp was estimated based on the pore diffusion model25,26) considering the viscosity of the 






        (4-14) 
 
where Gmp is the geometry factor of the macro pore, η0 the viscosity of free water (1.00×10−3 Pa 
s), ηmp the viscosity of porewater in the macro pore (Pa s), mp the porosity of the macro pore, and 
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G , determined from diffusion data of 
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where Dv(HTO) is diffusivity of HTO in free water (2.275×10−9 m2 s−1),35) and tot the total porosity 
of bentonite/sand mixture (0.4). Applying the least-square fitting on the De data of HTO obtained 
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The porosity of the macro pore, mp, can be obtained for the product of half of the 






CS    ,       (4-17) 
 
where Smp is the external surface area of montmorillonite stacks per unit weight (m2 kg−1; those of 
accessory minerals are negligible), Cmont the montmorillonite content in the bentonite/sand 
mixture (-), and mix the dry density of the bentonite/sand mixture (1600 kg m−3). 
The dmp was estimated from the cubic law of hydraulic conductivity.7) The cubic law is based 
on the theory of hydrodynamics for the laminar flow between flat plates and usually used to 
estimate the fracture permeability.37) Water flow between fine particles like clay is generally 
laminar,37,38) the cubic law was applied to the estimation of the dmp in this model. The hydraulic 
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where f is the density of fluid (kg m−3), g the gravitational acceleration (9.806 m s−2),  the 
porosity, b the aperture of the parallel planar space (m), and η the viscosity of fluid (Pa s). The 
interlayer pores are somewhat permeable but their contribution to the overall hydraulic 
conductivity is probably negligible;29) the hydraulic conductivity thorough the bentonite/sand 
mixture is dominated by the permeability of macro pore. Then, Eq. (4-18) can be written 













K   ,        (4-19) 
 
Hydraulic conductivities for bentonite/sand mixtures have been formulated as a function of 
effective bentonite dry density, e (kg m−3), from the previously measured values in Ref. 2). The 
equation for fresh water is 
 
  2e-3e-3 102.7755102.519726.535exp  K    (4-20) 
 
and that for seawater, 
 
  2e-3e-3 10689.51029.825.64exp  K .    (4-21) 
 




















 ,       (4-22) 
 
where Rs is the sand content (%) and s the grain density of sand (2640 kg m−3).2) The K values 
for 0.05 and 0.1 mol dm−3 NaCl solutions were estimated from Eq. (4-20), and that for the 0.5 
mol dm−3 NaCl solution was from Eq. (4-21). 
The mp can be calculated from the difference between total porosity, tot, and interlayer 
porosity, il. The tot is calculated using the ratio of ρmix (1600 kg m−3) to the grain density of 
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dCS    ,       (4-24) 
 
where dil is the interlayer pore width (0.9 nm for 0.05 and 0.1 mol dm−3 NaCl, and 0.6 nm for 0.5 
mol dm−3 NaCl)32) and Sil (m2 kg−1) the specific surface area of the interlayer of montmorillonite 
stacks per unit weight. The Sil is calculated from the total specific surface area of montmorillonite, 
Stot (8×105 m2 kg−1) 21,24,40) 
 
Sil = Stot − Smp.         (4-25) 
 
The dmp, Smp, mp and il were calculated by solving Eqs. (4-17) and (4-19) - (4-25) iteratively. 





SN  .          (4-26) 
 
4.4.3. Diffusion Model 
The ion concentration in the macro porewater is proportional to that in the bulk solution (see 
Eqs. (4-11) and (4-12)), the ratio of the concentration difference in the macro porewater to that in 
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4.5. Model Calculation 
 
The results of model calculations for HSe−, Se42−, and SeO32− are partly summarized in Table 
4-4. The Dv values of HSe− (1.87×10−9 m2 s−1) and SeO32− (8.87×10−10 m2 s−1) were calculated 
from the Nernst-Einstein equation17)  
 
22v   Fz
TRD   ,        (4-29) 
  
where λ is the ionic infinite dilution molar conductivity (70.4 cm2 Ω−1 mol−1 for HSe− and 133.4 
cm2 Ω−1 mol−1 for SeO32−),17) R the gas constant (8.3145 J K−1 mol−1), T the temperature (298.15 
K), z the electric charge, and F the Faraday constant (96485 C mol−1). Since Dv data for Se42− was 
not available, it was estimated to be 1.8×10−10 m2 s−1 by chemical analogy to polysulfide.17)  
The numbers of layers in montmorillonite stacks, Nl, were calculated to be 2 to 4 under 0.05 
and 0.1 mol dm−3 NaCl condition, and 9 to 21 under 0.5 mol dm−3 NaCl conditions. Tessier et 
al.41) investigated the effects of salt concentration on the swelling properties of Na-smectite by 
transmission electron microscopy observations, and reported that Na-smectite was formed by the 
stacking of a few layers under 10−3 mol dm−3 NaCl condition and 20 or more layers under 1 mol 
dm−3 NaCl condition. Pusch and Karnland29) estimated the numbers of layers in stacks in MX-80 
bentonite (dry density: 900 to 1790 kg m−3) to be 3 in distilled water, 7 in 2 % NaCl solution (0.3 
mol dm−3) and 10 in 10% NaCl solution (1.7 mol dm−3) based on microscopy observations42). The 
Nl values calculated by using this model are consistent with these literature values. 
The calculated porosities, mp and il, show that the macro pore is dominant in the total pore in 
bentonite/sand mixtures, supporting Eq. (4-15). The mp and Dmp values increase with decreasing 
bentonite content, and the values under 0.05 mol dm−3 NaCl conditions are similar to those under 
0.5 mol dm−3 NaCl conditions, suggesting the independence of salinity. The dmp values increase 
with decreasing bentonite content and with increasing salinity. The narrower dmp produces a larger 
anion exclusion effect. The Cmp/Cb values of Se species also increase with decreasing bentonite 
content and with increasing salinity, reflecting the anion exclusion. The differences in Cmp/Cb 
values between HSe− and Se42−/SeO32− show that the anion exclusion effect appears more 
remarkable for divalent Se42−/SeO32− than for monovalent HSe−. The high Cmp/Cb values (0.95 - 
0.99) under 0.5 mol dm−3 NaCl condition suggest that the anion exclusion effect is not remarkable 
under saline water conditions. 
The calculated De values for HSe−, Se42− and SeO32− are also listed in Table 4-4. The 
experimentally measured De values of Se(−II) were obviously lower than the previously reported 
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ones of monovalent anion, even taking into account the errors (Table 4-2 and Fig. 4-5). It is 
found that Se(−II) includes HSe− and Se42− species from the UV-Vis spectrometry measurements 
(Fig. 4-2); the low diffusivity of Se(−II) is likely to be due to the low diffusivity of Se42−. The 
diffusive flux of Se(−II), J(Se(−II)) (mol m−2 s−1), is the summation of those of HSe− and Se42− as  
 

















 – .  (4-31) 
 
The concentration of Se present as HSe− in the high-concentration reservoir was determined to be 
45% of the total Se(−II) concentration in most samples by UV-Vis spectrometry through the 
experimental periods (Fig. 4-2), and that present as Se42− was 55%. Based on the constant 
concentration ratio of HSe− to Se42− through the experimental period, chemical equilibrium as9) 
 
Se42−+ 4H+ + 6e− = 4HSe−       (4-32) 
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 (Se(-II))  yields the De values of Se(−II) as 
 
 55.0  45.0   
)e(Se)e(HSee(Se(-II)) -24
- DDD  .      (4-34) 
 
Figure 4-8 shows the comparison of De values of Se(−II) (a) and SeO32− (b) predicted using this 
diffusion model with experimentally measured ones. The De values calculated with the Tachi et 







         (4-35) 
 
where  is the tortuosity of the diffusive pore, g is the geometric constrictivity, and el counts 
electrostatic effects, with Eq. (4-34) is also shown in Fig. 4-8. Tachi et al.’s model predicted the 
De of Se(−II) and SeO32− at low bentonite content reasonably well, but a relatively large 
discrepancy was observed at high bentonite content. In particular, the discrepancy was remarkable 
at low salinity. This discrepancy is due to the overestimation of anion exclusions caused by the 
underestimation of the pore width, because the model is based on the homogeneous pore structure 
(Nl = 1). On the other hand, the De values predicted using the model considering the two types of 
pore developed in this study show good agreement with the experimentally measured ones. 
Although the diffusivities of HSe− and Se42− could not be determined individually from the 
experiments, the model calculations assuming the constant concentration ratio of HSe− to Se42− 





Effective diffusion coefficients of Se(−II) and Se(IV) species through compacted bentonite/sand 
mixture were systematically obtained under reducing and anaerobic conditions, respectively, by 
the through-diffusion method. Experiments were carried out under variable bentonite content and 
porewater salinity. The De values of Se(−II) species were within a range of 9.7×10−12 - 5.9×10−11 
m2 s−1, and those of Se(IV) species were within a range of 4.6×10−12 - 6.7×10−11 m2 s−1. The De 
values of Se species decreased with increasing bentonite content and decreasing salinity.  
A diffusion model for anionic species was developed based on the electric double layer theory 
and the pore diffusion model. The calculated De values of Se species and the experimentally 
measured ones showed good agreement, which help in the understanding of the diffusion of 
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Se(IV) 1600 kg m–3 0.05 mol dm–3 NaCl 7/ 3 4-1
5/ 5 4-2
2/ 8 4-3
0.1 mol dm–3 NaCl 7/ 3 4-4
5/ 5 4-5
2/ 8 4-6













Table 4-2 Analysis of diffusion of Se(−II) and Se(IV) in the bentonite/sand mixture 
 
J 1 J 2 c 1 c 2 D eb
(mol m-2 s-1) (mol m-2 s-1) (mol m-3) (mol m-3) (m2 s-1)
Se(–II) 2-1 (3.3 ± 1.4)×10-11 (3.4 ± 0.1)×10-11 (3.9 ± 0.2)×10-2 (2.0 ± 0.1)×10-3 (9.7 ± 0.6)×10-12
2-2 (5.4 ± 2.3)×10-11 (5.2 ± 0.2)×10-11 (4.0 ± 0.2)×10-2 (2.6 ± 0.1)×10-3 (1.4 ± 0.1)×10-11
2-3 (7.0 ± 2.1)×10-11 (5.5 ± 0.2)×10-11 (3.8 ± 0.2)×10-2 (2.8 ± 0.2)×10-3 (1.6 ± 0.1)×10-11
2-4 (1.0 ± 0.3)×10-10 (7.7 ± 0.2)×10-11 (3.9 ± 0.2)×10-2 (3.3 ± 0.2)×10-3 (2.3 ± 0.1)×10-11
2-5 (1.2 ± 0.3)×10-10 (1.2 ± 0.1)×10-10 (3.8 ± 0.2)×10-2 (3.7 ± 0.2)×10-3 (3.6 ± 0.3)×10-11
2-6 (1.0 ± 0.4)×10-10 (1.2 ± 0.1)×10-10 (3.8 ± 0.2)×10-2 (4.0 ± 0.2)×10-3 (3.7 ± 0.3)×10-11
2-7 (5.8 ± 2.3)×10-11 (6.6 ± 0.2)×10-11 (3.7 ± 0.2)×10-2 (3.1 ± 0.2)×10-3 (2.0 ± 0.2)×10-11
2-8 (6.5 ± 2.6)×10-11 (7.3 ± 0.2)×10-11 (3.7 ± 0.2)×10-2 (3.6 ± 0.2)×10-3 (2.2 ± 0.2)×10-11
2-9 (7.8 ± 4.2)×10-11 (9.6 ± 0.2)×10-11 (3.8 ± 0.3)×10-2 (3.3 ± 0.2)×10-3 (2.9 ± 0.3)×10-11
2-10 (9.4 ± 4.4)×10-11 (1.2 ± 0.1)×10-10 (3.8 ± 0.3)×10-2 (4.0 ± 0.2)×10-3 (3.7 ± 0.3)×10-11
2-11 (1.0 ± 0.4)×10-10 (1.3 ± 0.1)×10-10 (3.8 ± 0.2)×10-2 (3.9 ± 0.2)×10-3 (4.1 ± 0.3)×10-11
2-12 (1.4 ± 0.5)×10-10 (1.5 ± 0.1)×10-10 (3.6 ± 0.2)×10-2 (4.5 ± 0.2)×10-3 (5.3 ± 0.5)×10-11
2-13 (1.3 ± 0.5)×10-10 (1.4 ± 0.1)×10-10 (3.9 ± 0.2)×10-2 (3.4 ± 0.2)×10-3 (4.0 ± 0.3)×10-11
2-14 (1.6 ± 0.5)×10-10 (1.5 ± 0.1)×10-10 (3.9 ± 0.2)×10-2 (3.7 ± 0.2)×10-3 (4.5 ± 0.3)×10-11
2-15 (1.7 ± 0.8)×10-10 (1.4 ± 0.1)×10-10 (3.8 ± 0.3)×10-2 (3.6 ± 0.2)×10-3 (4.5 ± 0.4)×10-11
2-16 (1.5 ± 1.2)×10-10 (1.4 ± 0.1)×10-10 (3.8 ± 0.5)×10-2 (4.3 ± 0.3)×10-3 (4.6 ± 0.8)×10-11
2-17 (1.9 ± 1.0)×10-10 (1.6 ± 0.1)×10-10 (3.6 ± 0.4)×10-2 (4.2 ± 0.3)×10-3 (5.4 ± 0.8)×10-11
2-18 (2.0 ± 0.8)×10-10 (1.7 ± 0.1)×10-10 (3.7 ± 0.3)×10-2 (4.8 ± 0.2)×10-3 (5.9 ± 0.6)×10-11
Se(IV) 4-1 - - - - (4.6 ± 0.1)×10-12
4-2 - - - - (6.9 ± 0.1)×10-12
4-3 - - - - (3.1 ± 0.1)×10-11
4-4 - - - - (7.7 ± 0.1)×10-12
4-5 - - - - (1.4 ± 0.1)×10-11
4-6 - - - - (5.4 ± 0.1)×10-11
4-7 - - - - (3.7 ± 0.1)×10-11
4-8 - - - - (4.1 ± 0.1)×10-11







Table 4-3 Notations used for the model calculation 
 
Symbol Description Unit
J diffusive flux mol m-2 s-1
D e effective diffusion coefficient m2 s-1
D mp diffusion coefficient in macro pore m2 s-1
D v diffusion coefficient in free water m2 s-1
C b concentration of diffusing species in external bulk solution mol m-3
C mp concentration of diffusing species in macro pore mol m-3
C (X ) concentration of diffusing species at position X mol m-3
d mp macro pore width m
d il interlayer pore width m
x position parallel to montmorillonite layers m
X position normal to montmorillonite layers m
n bi concentration of electrolyte ion i  in external bulk solution m-3
Z d valence of diffusing species -
Zi valence of electrolyte ion i -
ψ 0 surface potential  V
ψ (X) electric potential at position X  V
G mp geometry factor of macro pore -
G p geometry factor of whole pore -
ρ mix dry density of bentonite/sand mixture kg m-3
ρ g grain density of bentonite kg m-3
ρ s grain density of sand kg m-3
ρ e effective bentonite dry density kg m-3
ρ f density of fluid kg m-3
S tot total surface area of montmorillonite stacks m2 kg-1
S mp external surface area of montmorillonite stacks m2 kg-1
S il specific surface area of interlayer of montmorillonite m2 kg-1
C mont montmorillonite content in bentonite/sand mixture -
R b bentonite content in bentonite/sand mixture %
R s sand content in bentonite/sand mixture %
η mp viscosity of macro porewater Pa s
η 0 viscosity of water Pa s
 tot porosity of diffusion medium -
 mp porosity of macro pore -
 il porosity of interlayer pore -
K hydraulic conductivity m s-1
N l the number of layers in montmorillonite stack -  
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Table 4-4 Results of model calculations for Se species 
 
 mp  il
(-) (-) HSe- Se4
2- SeO3
2-  HSe- Se4
2- SeO3
2-  HSe- Se4
2- SeO3
2-
0.05 7/ 3 4 0.26 0.15 5.1 0.37 0.16 0.16 7.1×10-11 6.8×10-12 3.4×10-11 2.6×10-11 1.1×10-12 5.3×10-12
6/ 4 4 0.28 0.12 6.0 0.44 0.23 0.23 8.2×10-11 7.9×10-12 3.9×10-11 3.6×10-11 1.8×10-12 8.8×10-12
5/ 5 4 0.30 0.10 7.2 0.52 0.31 0.31 9.5×10-11 9.1×10-12 4.5×10-11 4.9×10-11 2.8×10-12 1.4×10-11
4/ 6 3 0.33 0.07 8.5 0.58 0.39 0.39 1.1×10-10 1.1×10-11 5.3×10-11 6.5×10-11 4.2×10-12 2.1×10-11
3/ 7 2 0.35 0.05 9.6 0.63 0.45 0.45 1.3×10-10 1.3×10-11 6.4×10-11 8.4×10-11 5.8×10-12 2.9×10-11
2/ 8 2 0.38 0.02 10.0 0.64 0.47 0.47 1.7×10-10 1.6×10-11 8.0×10-11 1.1×10-10 7.7×10-12 3.8×10-11
0.1 7/ 3 4 0.26 0.15 5.1 0.51 0.31 0.31 7.1×10-11 6.8×10-12 3.4×10-11 3.6×10-11 2.1×10-12 1.0×10-11
6/ 4 4 0.28 0.12 6.0 0.58 0.39 0.39 8.2×10-11 7.9×10-12 3.9×10-11 4.8×10-11 3.1×10-12 1.5×10-11
5/ 5 4 0.30 0.10 7.2 0.65 0.48 0.48 9.5×10-11 9.1×10-12 4.5×10-11 6.1×10-11 4.4×10-12 2.2×10-11
4/ 6 3 0.33 0.07 8.5 0.70 0.55 0.55 1.1×10-10 1.1×10-11 5.3×10-11 7.8×10-11 6.0×10-12 2.9×10-11
3/ 7 2 0.35 0.05 9.6 0.73 0.61 0.61 1.3×10-10 1.3×10-11 6.4×10-11 9.9×10-11 7.8×10-12 3.9×10-11
2/ 8 2 0.38 0.02 10.0 0.75 0.62 0.62 1.7×10-10 1.6×10-11 8.0×10-11 1.3×10-10 1.0×10-11 5.0×10-11
0.5 7/ 3 20 0.28 0.12 25.9 0.97 0.95 0.95 7.7×10-11 7.5×10-12 3.7×10-11 7.5×10-11 7.1×10-12 3.5×10-11
6/ 4 21 0.30 0.10 34.4 0.98 0.96 0.96 8.7×10-11 8.4×10-12 4.1×10-11 8.5×10-11 8.1×10-12 4.0×10-11
5/ 5 21 0.32 0.09 44.7 0.98 0.97 0.97 9.9×10-11 9.5×10-12 4.7×10-11 9.7×10-11 9.2×10-12 4.6×10-11
4/ 6 20 0.33 0.07 55.0 0.99 0.98 0.98 1.1×10-10 1.1×10-11 5.4×10-11 1.1×10-10 1.1×10-11 5.3×10-11
3/ 7 16 0.35 0.05 60.6 0.99 0.98 0.98 1.3×10-10 1.3×10-11 6.3×10-11 1.3×10-10 1.3×10-11 6.2×10-11
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Fig. 4-1 Experimental conditions of starting solutions (filled symbols) and solutions after 
experiments (open symbols) in a pH-pe diagram for the H-O-Se system under standard conditions. 
The total concentration of Se is 5×10−5 mol dm−3. The triangles and squares represent the 
conditions for the experimental solutions in the high-concentration reservoirs and the 










































200 300 400 500
Wavelength (nm)
     : starting solution























Fig. 4-2 UV-Vis spectra of the Se(−II) starting solution of 0.1 mol dm−3 NaCl and the 
experimental solution in the high-concentration reservoir of 2-9 cells after the through-diffusion 
experiment. The absorption band at 245 nm was assigned to HSe− and those at 282 and 377 nm 































Fig. 4-3 Changes in concentrations of Se(−II) in the high-concentration reservoir (a) and those in 
the low-concentration reservoir (b) of 2-9 cells. The De was determined by using data after the 
80th day (filled symbols). Changes in concentrations of Se(−II) in the high-concentration 
reservoirs (open symbols) and low-concentration reservoirs (filled symbols) from the 


















































(c) ●: 0.5 mol dm
-3
▲: 0.1 mol dm-3






























Fig. 4-4 Changes in concentrations of Se(IV) in the high-concentration reservoir (a) and 
low-concentration reservoir (b) of 4-5 cells. The De was determined by using data of 0-84th day. 
Changes in concentrations of Se(IV) in the high-concentration reservoirs (open symbols) and 
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Fig. 4-5 Comparison of measured diffusion coefficients (filled symbols) of Se(−II) with 
previously reported ones (open symbols) of Cl− and I− (a),15,16) and those of Se(IV) with 
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Fig. 4-6 Schematic drawing of the bentonite/sand mixture (a) and the diffusion pathways through 
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Fig. 4-8 Comparison of diffusion coefficients of Se(−II) (a) and SeO32− (b) predicted using this 
diffusion model (solid lines) with experimentally measured ones and the prediction using Tachi et 
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The retardation of radionuclide migration by sorption onto a host rock is one of the main 
geologic factors that influence the performance of HLW disposal system. For a long-term safety 
assessment of geological disposal of HLW, it is necessary to evaluate the variation in sorption 
distribution coefficients (Kd) of Se(−II) species under the disposal conditions, and understand the 
sorption behavior based on sorption mechanisms. Although a considerable amount of Se sorption 
data has been obtained under aerobic conditions,e.g. 1-8) where Se(IV) and Se(VI) species are 
dominant, data obtained under reducing conditions are limited6-10) and the sorption behavior of 
Se(−II) species has not been clarified. 
Batch sorption experiments were carried out to study the sorption behavior of Se(−II) onto 
rocks under reducing conditions. Granodiorite was used to represent crystalline rocks, and sandy 
mudstone and tuffaceous sandstone were used to represent sedimentary rocks. The major 
constituent minerals and accessory minerals of these rocks were also employed to identify which 
minerals were the most sorbent for Se(−II) and to discuss the sorption mechanisms.  
 
5.2. Materials  
 
5.2.1. Groundwater Samples 
To minimize oxidation, groundwater samples were collected with a special care to avoid 
exposure to air. The procedure is described in detail in Ref. 11), and summarized as follows. 
Groundwater from the granodiorite, sandy mudstone, and tuffaceous sandstone aquifer was 
obtained from three separate boreholes, each of which was drilled with degassed water obtained 
by bubbling Ar gas into the local surface water as part of the drilling procedure. Groundwater was 
sampled from the granodiorite aquifer at a depth interval of GL −328 m to −352 m (GL: ground 
level), from the sandy mudstone aquifer at a depth interval of GL −129 m to −130 m, and from 
the tuffaceous sandstone aquifer at a depth interval of GL −330 m to −340 m. The upper surface 
of the borehole water also was covered with Ar gas to prevent exposing the water to oxygen in the 
air. The pH, oxidation-reduction potential (ORP) and dissolved oxygen concentration of the 
borehole water were measured by using an in situ groundwater monitor. The ORP measured by a 
platinum electrode against a Ag/AgCl reference electrode was converted to electric potential 
against the normal hydrogen electrode (Eh vs. NHE). The pumped-out groundwater was 
immediately frozen with dry ice and stored at −20C in a freezer. The groundwater samples were 
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analyzed according to Japanese Industrial Standards to determine dissolved cations, anions, and 
organic compounds.10,11) Chemical compositions of the groundwater samples are summarized in 
Table 5-1. 
 
5.2.2. Rock Samples 
Rock cores were sampled from a depth of GL −310 m to −320 m in the granodiorite, from a 
depth of GL −150 m to −155 m in the sandy mudstone, and from a depth of GL −330 m to −340 
m in the tuffaceous sandstone. The cores received a special treatment to minimize their exposure 
to air.11) The rock cores were cut into cylindrical pieces with diameters of 50 mm and lengths of 
200 mm in the degassed water, and were temporarily stored in three-dimensional pressurizing 
vessels. The cylindrical rock pieces were further cut into disks 5 mm thick by using an automatic 
horizontal cutting machine in a controlled atmosphere glove box under Ar gas. The disk 
specimens were also stored in three dimensional pressurizing vessels filled with pressurized 
degassed water.  
The rock samples were analyzed to determine their specific gravity, water content, and porosity 
(Table 5-2).10,11) The rock samples were crushed and passed through a 63 μm sieve, then analyzed 
to determine their cation and anion exchange capacities by the semi-micro Schollenberger12) and 
BaCl2-MgSO4 methods13), respectively (Table 5-2). Rock-forming and clay minerals were 
identified by XRD analysis, and chemical compositions of the rock samples were determined by 
X-ray fluorescence spectrometry (XRF) (Table 5-3). In addition, the mineral content of the 
granodiorite was determined by petrographic analysis of thin sections using polarization 
microscopy (Table 5-4).  
 
5.2.3. Minerals 
The main constituent minerals of the rock samples, as identified by XRD analysis (Table 5-3), 
were selected for sorption experiments. Quartz and feldspar were represented by commercially 
available samples of silica (SiO2; Aerosil Corp.) and albite (NaAlSi3O8, Nichika Inc.), 
respectively. Calcite (CaCO3) and chlorite ((Mg, Fe(II), Al)6(Al, Si)4O10(OH)8) samples were 
purchased from Nichika Inc., and pyrite (FeS2) was purchased from Rare Metallic Co., Ltd. The 
mica group minerals were represented by biotite (K(Mg, Fe(II))3(Al, Fe(III)Si3O10)(OH, F)2, 
Nichika Inc.) and the smectite group minerals by montmorillonite 
((Ca0.5,Na)0.33(Al,Mg)2Si4O10(OH)2nH2O, Kunipia F, Kunimine Industries Co. Ltd.).  Iron oxide 
minerals were represented in the sorption experiments by samples of goethite (α-FeOOH), which 
can be formed by alteration of Fe-bearing minerals,14) such as pyrite, biotite and chlorite, all of 
which were detected in the rock samples by XRD or petrographic analysis and are known as 
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sorbent minerals for Se. 1,2,9,15) All of the purchased mineral samples were in granulated form and 
used without pretreatment. Their specific surface areas, as measured by the BET method, were 
309.4 m2 g−1 (silica), 1.1 m2 g−1 (albite), 0.4 m2 g−1 (calcite), 0.9 m2 g−1 (pyrite), 4.6 m2 g−1 
(biotite), 1.7 m2 g−1 (chlorite), 15.5 m2 g−1 (montmorillonite), and 17.6 m2 g−1 (goethite). 
 
5.2.4. Selenium Stock Solution 
Selenium(−II) stock solution was prepared in a controlled atmosphere glove box under Ar by 
the following procedure. A solution of 75Se (4 MBq cm−3, carrier: 50μg cm−3 Na2SeO3) was 
purchased from GE Healthcare Limited. A 0.5cm3 volume of 98% aqueous solution of N2H4H2O 
was mixed with a 0.5 cm3 volume of the 75Se solution in a polypropylene test tube and the 
mixture was stored for 3 days to reduce Se.16) The mixture was diluted with distilled deionized 
water to 10 cm3. The solution was filtered through a 10,000 NMWL ultrafilter to remove a 
precipitated fraction of Se. A 3 cm3 volume of the filtrate was sampled to analyze aqueous Se 
species by UV-Vis spectrometry.  
 
5.3. Sorption Experiments 
 
The experimental runs were made following the procedure of the “Measurement Method of 
the Distribution Coefficient on the Sorption Process” compiled by the Atomic Energy Society 
of Japan.17) The experimental procedures departed from Ref. 17) insofar as the rock disks used as 
samples in this study were unprocessed to maintain the sampled condition of the underground 
environments. All the experiments, except for analytical procedures, were performed in a 
controlled atmosphere glove box under Ar at 25 ± 3C. The frozen groundwater was thawed in 
the controlled atmosphere glove box for a day, after which it was filtered through a 0.45 m filter 
to remove suspended solids. A 5 cm3 volume of 98 % N2H4H2O solution was added to a 1,000 
cm3 volume of the filtered groundwater to prepare reduced groundwater. The concentration of 
N2H4H2O in the reduced groundwater was 0.1 mol dm−3.  
Batch sorption experiments were carried out using two different Se concentrations to confirm 
that the obtained distribution coefficients were independent of Se concentration. First, a 0.2 cm3 
volume of the Se(−II) stock solution was spiked into a 600 cm3 volume of the reduced 
groundwater. This Se solution was filtered through a 0.45m filter to produce experimental 
solutions of higher Se concentration (Se solution “H”, Se: 1×10−8 mol dm−3). Then, this Se 
solution (H) was diluted with the reduced groundwater and passed through a 0.45m filter to 
prepare the lower Se concentration experimental solutions (Se solution “L”, Se: 2×10−9 mol dm−3). 
The pH of the solutions was adjusted to 8.5, 9.5, 10.5 and 11.5 with NaOH solution or HCl. The 
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pH was measured with a combination glass electrode (ROSS 8172BNWP, Thermo Fisher 
Scientific Inc.) which is suitable for the measurement of high-ionic-strength samples. The 
electrode was calibrated with standard pH buffer solutions of 7.00, 10.01, and 12.46. The Eh was 
determined against NHE using a platinum electrode combined with a Ag/AgCl reference 
electrode after checking its accuracy with saturated quinhydrone solutions. A 1 cm3 aliquot was 
sampled and the radioactivity of the solution was measured by γ- spectrometry 
(LOAX-51370/20-P, SEIKO EG&G) with a peak at 0.136 MeV to determine the initial 
concentration of Se.  
Blank tests were carried out to check for precipitation and/or adsorption of Se onto vessel walls. 
A 60 cm3 volume of Se solution (H) or (L) was poured into a screw-capped Teflon PFA vessel 
and stored for 2 weeks. A 2 cm3 aliquot was sampled and filtered through a 10,000 NMWL 
ultrafilter preconditioned with a small amount of the sample solution. One cm3 of the filtrate was 
sampled and its radioactivity was measured by γ- spectrometry. It was confirmed that the Se 
concentration did not decrease from the initial concentration, indicating that precipitation and/or 
adsorption of Se onto vessel walls was negligible.  
The rock samples were preconditioned prior to sorption runs by immersion in the reduced 
groundwater for 3 months to avoid precipitation of Se from original porewater leaching out of the 
pores of rock samples. The sorption runs were initiated by contacting the disk rock samples with 
Se solution (H) or Se solution (L). The samples were agitated once a day. The sorption period for 
sandy mudstone was set at 2 weeks after it was confirmed in a previous work10) that the sorption 
process reached equilibrium within 2 weeks in batch sorption experiments for the same type of 
rock sample. The sorption period for tuffaceous sandstone was also set at 2 weeks, because its 
porosity (26.3%) is as high as that of sandy mudstone (29.0%). The sorption period for 
granodiorite, which has a low porosity (1.17%), was extended until a decrease in Se concentration 
in solution was no longer observed. The pH and Eh of the sample solutions were measured at the 
end of the sorption period. A 2 cm3 aliquot was sampled and filtered through a 10,000 NMWL 
ultrafilter preconditioned with a small amount of the sample solution. One cm3 of the filtrate was 
sampled, and the radioactivity of the solution was measured by γ- spectrometry to determine the 
equilibrated concentration of Se.  
Sorption experiments using sterilized groundwater and rock samples were also carried out to 
investigate the possibility that microorganisms might be affecting the sorption process.  
Experimental runs were made at pH 10.5. The disk rock sample was soaked in the groundwater in 
a Teflon PTFE container. The container was enclosed in a stainless steel jacket and stored at 
130C for half an hour.18) After this sterilization, the container was carried out in the controlled 
atmosphere glove box under Ar. A 0.5 cm3 volume of 98% N2H4H2O solution was added to a 
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100 cm3 volume of the sterilized groundwater to prepare reduced sterilized groundwater. The 
sterilized rock samples were preconditioned by immersion in the reduced sterilized groundwater 
for a month. A 0.03 cm3 volume of the Se(−II) stock solution was spiked into a 100 cm3 volume 
of the reduced sterilized groundwater. By filtering this solution through a 0.45m filter, an 
experimental solution for sterilized samples (Se solution “S”, Se: 1×10−8 mol dm−3) was prepared. 
The pH, Eh, and radioactivity of the solution were measured. A 58 cm3 volume of the Se solution 
(S) was poured in a screw-capped Teflon PFA vessel and the preconditioned sterilized disk rock 
sample was put into the solution. The sorption period for sandy mudstone and tuffaceous 
sandstone was set at 2 weeks, and that for granodiorite at 4 months. The pH, Eh, and radioactivity 
of the solutions were measured after the sorption periods in the same manner as mentioned above.  
Sorption experiments for constituent and accessory minerals were carried out by the following 
procedure. A 1.5 cm3 volume of 98% N2H4H2O solution was added to a 300 cm3 volume of 0.05 
or 0.5 mol dm−3 NaCl solution. A 0.1 cm3 volume of Se(−II) stock solution was spiked into a 300 
cm3 volume of the NaCl solution. By filtering this solution through a 0.45 m filter, experimental 
solutions for minerals (Se solution  “M”, Se: 1×10−8 mol dm−3) were prepared. The pH of the 
solution was adjusted to 8.5, 10.5, and 12 with NaOH solution or HCl. The pH and Eh of the 
solutions were measured. A 1 cm3 aliquot was sampled, and the radioactivity of the solution was 
measured by γ- spectrometry to determine the initial concentration of Se. A 0.1 g of granulated 
mineral sample was immersed in a 10 cm3 volume of the Se solution (M) in a polypropylene test 
tube. Blank tests were carried out in parallel with the sorption runs to confirm that precipitation 
and/or adsorption of Se onto vessel walls was negligible. After 2 weeks, the pH, Eh, and 
radioactivity of the solutions were measured in the same manner as mentioned above.  
 
5.4. Results and Discussion 
 
5.4.1. Selenium Species 
The UV-Vis spectrum of the Se(−II) stock solution shows absorption bands at 247 and 377 nm, 
as shown in Fig. 5-1. These peaks were assigned to HSe− and Se42−, respectively,19,20) showing 
that Se was dissolved as stable species under the reducing condition.21) Experimental data from 
the sorption experiments using rocks and minerals are summarized in Tables 5-5 and 5-6, 
respectively. Based on the pH and reducing conditions of the initial and equilibrated experimental 
solutions in all of the experimental runs, the dominant Se species in solution was estimated to be 




5.4.2. Sorption Behavior onto Mineral Samples 
The sorption ratio, Rs (%), and the distribution coefficient, Kd (m3 kg−1), for mineral samples 
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where Cini is the initial concentration of Se (mol dm−3), Ceq the equilibrated concentration of Se 
(mol dm−3), Vini the initial volume of solution (m3), and M the weight of the solid phase (kg). The 
Rs and Kd values determined for the mineral samples are listed in Table 5-6.  
Sorption phenomena comprise a variety of possible mechanisms, such as ion exchange, 
surface complexation, and precipitation/mineralization.22,23) Generally, ion exchange is 
influenced by ionic strength, and surface complexation is affected by pH.24) Redox sensitive 
elements, such as Se, are also subject to precipitation/mineralization processes due to changes 
in redox conditions, in addition to effects from the concentration of other ions and changes in 
pH. The Kd values obtained from the mineral samples are plotted versus pH in Fig. 5-3 to 
summarize their effects on the sorption mechanism of Se(−II) on minerals. 
The Rs and Kd values for tectosilicates (quartz and albite) were less than 10% and 1×10−2 m3 
kg−1, respectively, at any pH. Sorption experiments under various redox conditions include the 
measurement of Kds for Se(IV) on these tectosilicates, and the Kds were also very low (Kd < 
1×10−2 m3 kg−1) at pHs 2 - 12.1,6) Such a low sorption for Se(−II) as well as Se(IV) is due to the 
low point of zero charge (pzc) of quartz (< 2.2) and albite (3.0).6) Surface sites of these 
minerals are negatively charged at neutral-alkaline pH, so that neither the Se(−II) nor Se(IV) 
anion can be easily sorbed onto these minerals.  
The pH dependences of Kds for phyllosilicates (biotite, chlorite, and montmorillonite) show the 
same tendency (Fig. 5-3). The Rs values for Se(−II) on phyllosilicates decreased with increasing 
pH from 34 to 76% at pH 8.5 to about 6 to 20% at pH 12. The Kd values show a negative 
dependence on pH and are independent of NaCl concentration, indicating that the dominant 
sorption mechanism of Se(−II) onto phyllosilicates is surface complexation. Figure 5-4 compares 
the Kds obtained in this study and previously reported values for Se under various redox 
conditions. The pH dependences of Kds for Se(−II) on biotite and chlorite are similar to those 
obtained for Se(IV) by Shibutani et al.1) and Ticknor et al.6) (Figs. 5-4(a) and 5-4(b)). On the 
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other hand, the Kds on montmorillonite obtained for Se(IV) by Shibutani et al.1) are much lower 
than those for Se(−II) obtained in this study (Fig. 5-4(c)), suggesting a difference in sorption 
mechanism between Se(−II) and Se(IV). Phyllosilicate minerals consist of an alumina 
octahedral sheet sandwiched between two silica tetrahedral sheets,25) and they include aluminol 
sites (≡AlOH) and silanol sites (≡SiOH) on the edge surfaces. Biotite and chlorite with Fe in 
their mineral structures possibly include ferrol sites (≡FeOH).1) The ≡SiOH sites (pzc < 2.2) 
are negatively charged at neutral-alkaline pH; thus, anionic Se species cannot be sorbed 
electrostatically. The ≡AlOH sites (pzc = 9.5 26)) and the ≡FeOH sites (pzc = 7.2 26)) are 
partially positively charged at alkaline pH, and they are expected to contribute to the surface 
complexation of anionic Se species. Shibutani et al.1) modeled the sorption of Se(IV) on 
biotite and chlorite as surface complexation with ≡FeOH sites but not with ≡AlOH sites, 
because the sorption of Se(IV) onto montmorillonite was not observed. However, ≡AlOH 
sites are expected to have contributed to the sorption of Se(−II) onto phyllosilicates in addition 
to ≡FeOH sites, given that the sorption of Se(−II) onto montmorillonite was observed in this 
study, and the pH dependence of Kd for Se(−II) onto montmorillonite was similar to that onto 
biotite and chlorite. This result suggests that the surface complexation constant for Se(−II) 
with ≡AlOH sites is higher than that for Se(IV).  
The Kd values for Se(−II) on goethite were as high as those on phyllosilicates at pH 12, but 
are about 2 orders of magnitude higher at pH 8.5 (Fig. 5-3). Hayes et al.3) investigated the 
sorption behavior of Se(IV) onto goethite in 0.005, 0.1, and 1.0 mol dm−3 sodium nitrate 
(NaNO3) solution, and that of Se(VI) in 0.001, 0.01, 0.1, and 1.0 mol dm−3 NaNO3 solutions 
(Fig. 5-4(d)). The sorption behavior of Se(IV) was independent of the ionic strength and 
explained by inner-sphere complexation with ≡FeOH sites using a triple layer model. Hayes et 
al.3) explained the sorption dependence of Se(VI) on ionic strength as being due to 
outer-sphere complexation. Shibutani et al.1) also modeled the sorption behavior of Se(IV) 
onto goethite as surface complexation with ≡FeOH sites. The pH dependence of Kd for 
Se(−II) is similar to that for Se(IV), but it clearly differs from that for Se(VI) (Fig. 5-4(d)). 
The sorption mechanism of Se(−II), as well as Se(IV), onto goethite is likely to be surface 
complexation with ≡FeOH sites. 
The Rs values for Se(−II) on calcite were 19 to 48% (Table 5-6). The obtained Kds were 0.02 to 
0.08 m3 kg−1, independent of pH. The Kds for Se(−II) were nearly identical to those for Se(IV) 
reported by Fujikawa and Fukui,4) and Ticknor et al.6) (Fig. 5-4(e)). The sorption behavior of 
Se(−II) is likely to be similar to that of Se(IV), though the sorption mechanism onto calcite is 
not clarified at present. 
The Rs values for Se(−II) on pyrite were more than 90% at any pH (Table 5-6). The obtained 
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Kds, 1.3 to 9.9 m3 kg−1, show a slightly negative dependence on pH and are independent of NaCl 
concentration. Shibutani et al.1) and Tachi et al.2) reported that the sorbed amount of Se(IV) on 
pyrite was large at pH < 9 but sharply decreased at pH > 10 (Fig. 5-4(f)). The sorption 
behavior of Se(IV) onto pyrite was explained by surface complexation with an ≡FeOH site, 
which was generated by weathering of pyrite.1) On the other hand, the strong sorption of 
Se(−II) was observed even at pH 12 in this study, suggesting that the sorption mechanism of 
Se(−II) onto pyrite is different from surface complexation.  
The sorption mechanisms of Se(−II)9,27) and Se(IV)28,29) onto pyrite have been studied by 
spectroscopy. Xia et al.9) carried out sorption experiments of Se(−II)/Se(0) on sedimentary rock 
samples containing pyrite under reducing conditions. Selenium(IV) in a test solution was reduced 
to Se(−II)/Se(0) by a mixed gas (H2 (4.9%) + N2) in the presence of a platinum (Pt) catalyst. Most 
of the Se sorbed onto the sedimentary rock was determined to be Se(0) by X-ray absorption 
near-edge structure (XANES) analysis, and the sorption mechanism was explained as 
incorporation into pyrite as 
 
 FeS2 + Se(0)aq = FeSe(0)S(−II) + S(0)aq.     (5-3) 
 
Liu et al.27) carried out the sorption experiments of Se(−II) on synthesized pyrite under reducing 
conditions. The results of XRD and in situ XANES analyses indicated the presence of Se(0) on 
the pyrite surface (Se(0)s), and the results of X-ray photoelectron spectroscopy (XPS) analysis 
indicated the formation of S(−II) on the pyrite surface. The sorption mechanism of Se(−II) was 
explained as the surface redox reaction as 
 
 FeS2 + HSe− = FeS + Se(0)s + HS−.      (5-4) 
 
In both studies, the oxidation state of sorbed Se was identified as Se(0), and the sorption 
mechanism was interpreted as interactions with sulfur. Naveau et al.28) and Breynaert et al.29) 
reported that the sorption mechanism of Se(IV) onto pyrite was a redox reaction with sulfur but 
not iron, supporting the interpretation by Xia et al.9) and Liu et al.27) Although it is not clarified 
whether Se can be incorporated into pyrite, it seems not to occur easily because the crystalline 
system of ferroselite (FeSe2; orthorhombic) is different from that of pyrite (FeS2; cubic).14) Thus, 
the sorption mechanism of Se(−II) onto pyrite is probably a local redox reaction with sulfur at the 




5.4.3. Sorption Behavior onto Rock Samples 
(1) Granodiorite 
Changes over time in Se concentration due to sorption onto granodiorite are shown in Fig. 5-5. 
Decreases in Se concentration in the pH 10.5 and 11.5 solutions were not observed from the 
100th day through the conclusion of the experiment on the 230th day, indicating that the solution 
attained a steady state by the 100th day. The pH 8.5 and 9.5 solutions attained a steady state a bit 
later, by the 170th day.  
The Rs and Kd values for granodiorite, except for the sterilized sample, were calculated using  
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where Cini is the initial concentration of Se (mol dm−3), Vini the initial volume of solution (m3), Ceq 
the equilibrated concentration of Se (mol dm−3), Veq the volume of sample solution after 
equilibrium (m3), Ci the concentration of Se in the sampling solution (mol dm−3), Vi the volume of 
sampling solution (m3), and M the weight of the solid phase (kg). The Rs and Kd for the sterilized 
sample were determined according to Eqs. (5-1) and (5-2), respectively. 
Rs and Kd values determined for granodiorite are listed in Table 5-5, and the pH dependences 
of Kds are shown in Fig. 5-6(a). The Kds obtained from the lower Se concentration experimental 
runs agree with those obtained from the higher Se concentration experimental runs, suggesting 
the linear sorption of Se(−II) onto granodiorite under the experimental conditions. The Kd for the 
sterilized sample shows an agreement with those for the nonsterilized samples, indicating a 
negligible effect of microorganisms on sorption in the nonsterilized samples. The Rs values for 
Se(−II) on granodiorite decreased from about 60% at pH 8.5 to about 10% at pH 11.5. The 
obtained Kds, 2.2×10−4 to 4.0×10−3 m3 kg−1, showed a negative pH dependence. 
The Kds obtained for granodiorite were compared to previously reported ones for granite or 
granodiorite4-6,30) (Fig. 5-7). The Kd profile for Se(−II) obtained in this study is similar to that 
previously reported for Se(IV) but is about 1 order of magnitude lower than that obtained for 
Se(−II) under the reducing condition (0.08 mol dm−3 N2H4) by Ticknor et al.6) The Kds 
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obtained under reducing conditions by Ticknor et al. are higher than those obtained under 
aerobic conditions, even though they were obtained in a higher pH region (Fig. 5-7), where 
anionic Se species do not readily form surface complexes. The higher Kds obtained by 
Ticknor et al. might be caused by precipitation of Se, because the solubility of Se is low 
under the reducing conditions.21) 
The pH dependence of Se(−II) sorption on granodiorite is similar to the sorption of Se(−II) 
onto phyllosilicate minerals (Figs. 5-3 and 5-7). Biotite is the only phyllosilicate mineral detected 
by XRD analysis in the sampled granodiorite (Table 5-3), and is likely to be a dominant sorbent 
mineral for Se(−II) in granodiorite at neutral-alkaline pH. The Kd values obtained for granodiorite 
(2.2×10−4 to 4.0×10−3 m3 kg−1) are about 5% of those for biotite by itself (6.1×10−3 to 7.9×10−2 
m3 kg−1). The differences are roughly proportional to the mass fraction of biotite in the 
granodiorite, which was determined to be 5 to 20% by polarization microscopy (Table 5-4) and is 
about 5% in general.1,6,31)  
In addition, Jan et al.15) reported that crystalline iron oxides dominate the sorption of Se(IV) on 
granite. Iron oxides were not identified by XRD analysis in the sampled granodiorite, but they can 
be formed by weathering of biotite.32) The Kds for Se(−II) on goethite (1.5×10−2 to 7.9×100 m3 
kg−1) are about 2 to 3 orders of magnitude higher than those on granodiorite (2.2×10−4 to 4.0×10−3 
m3 kg−1); thus, there is a possibility that a small amount of iron oxides, such as goethite, can 
dominate the sorption of Se(−II) on granodiorite especially at or below neutral pH. 
 
(2) Sandy Mudstone 
The Rs and Kd values for sandy mudstone were determined according to Eqs. (5-1) and (5-2), 
respectively (Table 5-5). The pH dependences of Kds are shown in Fig. 5-6(b). The Kds obtained 
from the lower Se concentration experimental runs agree with those from the higher Se 
concentration experimental runs, suggesting the linear sorption of Se(−II) onto sandy mudstone 
under the experimental conditions. The Kd for the sterilized sample is in agreement with those for 
the nonsterilized samples, suggesting that the effect of microorganisms on sorption in the 
nonsterilized sample was negligible. The Rs values for Se(−II) on sandy mudstone were more 
than 90% at any pH. The obtained Kd values, 3.3×10−2 to 5.6×10−2 m3 kg−1, were independent of 
pH.  
The Kds obtained for sandy mudstone were compared to previously reported ones for mudstone 
and shale4,8,9) (Fig. 5-8). The Kds for Se(−II) obtained in this study were about 1 order of 
magnitude higher than those for Se(IV) obtained by Fujikawa and Fukui4) and Igarashi et al.8) 
In addition, the pH dependence of Kd for Se(−II) is less pronounced than that for Se(IV); thus, the 
sorption mechanism of Se(−II) onto sandy mudstone is likely to be different from that of Se(IV). 
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The Kds for Se under reducing conditions were reported by Igarashi et al. (0.08 mol dm−3 N2H4 
condition),8) Xia et al. (H2 (4.9 %) + N2 condition),9) and the authors (0.2 mol dm−3 N2H4 
condition)10). The values obtained by Igarashi et al.8) cannot be compared easily with the values 
obtained in this study, because they vary over a wide range and were obtained at lower pH 
regions. The Kd values obtained in the previous study by the author10) using the same types of 
groundwater and rock samples under higher ionic strengths (0.1 to 1 mol dm−3) and higher 
Se(−II) concentrations (1.2×10−5 to 3.4×10−5 mol dm−3) agree with the results in this study. Xia et 
al.9) carried out the sorption experiments for Se using 4 types of mudstone/shale. The Kd values 
varied according to the rock type ((A) – (D) in Fig. 5-8), but the pH dependences of Kds were 
similar. Xia et al.9) reported that the differences in the Kd values between the rocks were related to 
their differences in pyrite content, thus pyrite was a major contributor to the sorption of Se. The 
Kds obtained in this study agree with those for the rock sample (A) employed by Xia et al., which 
contains the largest amount of pyrite (0.192%). Pyrite is the only mineral that shows high 
adsorbability at alkaline pH, and the pH dependence of the Kd values for sandy mudstone is 
similar to that for pyrite. Therefore, pyrite is likely to be a dominant sorbent mineral for Se(−II) in 
sandy mudstone at neutral-alkaline pH. The very weak peak for pyrite in the XRD analysis 
(detection limit of about 1%33)) and the presence of reduced iron (FeO) and S (2.3% as SO3) in 
the XRF analysis, indicate the presence of about 1 to 2% pyrite in the sandy mudstone samples. 
The Kds obtained for sandy mudstone (3.3×10−2 to 5.6×10−2 m3 kg−1) range from 0.5 to 3% of 
those for pyrite (1.3 to 9.9 m3 kg−1), a value that is comparable to the estimated mass fraction of 
pyrite (1 to 2%) in the rock. The difference in Kd between Se(−II) and Se(IV) on sandy 
mudstone is likely to be caused by the difference in sorption behavior onto pyrite for these 
two species. 
 
(3) Tuffaceous Sandstone 
The Rs and Kd values for tuffaceous sandstone were determined according to Eqs. (5-1) and 
(5-2), respectively (Table 5-5). The pH dependences of Kds are shown in Fig. 5-6(c). The Kd 
values obtained from the lower Se concentration experimental runs agree with those from the 
higher Se concentration experimental runs, suggesting the linear sorption of Se(−II) onto 
tuffaceous sandstone under the experimental conditions. The Kd value for the sterilized sample 
shows an agreement with those for nonsterilized samples, suggesting that the effect of 
microorganisms on sorption in the nonsterilized sample was negligible. The Rs values for Se(−II) 
on tuffaceous sandstone were more than 90% at any pH. The obtained Kds, 2.9×10−2 to 8.2×10−2 
m3 kg−1, decreased slightly with increasing pH. 
The obtained Kds for tuffaceous sandstone were compared to previously reported ones for tuff 
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and sandstone1,7) (Fig. 5-9). The values obtained using 0.05 mol dm−3 N2H4 by Barney7) are the 
only data obtained under reducing conditions and are similar to those for Se(IV) under aerobic 
conditions (Fig. 5-9). The Kds for Se(−II) obtained in this study were about 1 order of magnitude 
higher than those for Se(IV) obtained by Shibutani et al.1) and Barney7). In addition, the pH 
dependence of Kd for Se(−II) is less pronounced than that for Se(IV), suggesting that the sorption 
mechanism of Se(−II) onto tuffaceous sandstone is likely to be different from that of Se(IV). 
The very weak peak for pyrite in the XRD analysis (detection limit of about 1%33)) and the 
presence of Fe and S (0.5% as SO3) in the XRF analysis (Table 5-3) indicate the presence of 
about 0.5 to 1% pyrite in the tuffaceous sandstone samples. The obtained Kds for tuffaceous 
sandstone (2.9×10−2 to 8.2×10−2 m3 kg−1) are about 0.8 to 2 % of those for pyrite (1.3 to 9.9 m3 
kg−1), and these values are comparable to the mass fraction of pyrite (0.5 to 1%). 
Moreover, the values and pH dependences of Kd for Se(−II) on tuffaceous sandstone were 
similar to those on sandy mudstone. It is likely, therefore, that pyrite also acts as the dominant 
sorbent mineral for Se(−II) in the tuffaceous sandstone at neutral-alkaline pH. The difference in 
Kd between Se(−II) and Se(IV) on tuffaceous sandstone is likely to be caused by the difference 
in sorption behavior onto pyrite. A lower pyrite content in the samples used by Barney13) may 




 The obtained Kd values of Se(−II) species were in the ranges of 2.2×10−4 to 4.0×10−3 m3 kg−1 
for granodiorite, 3.3×10−2 to 5.6×10−2 m3 kg−1 for sandy mudstone and 2.9×10−2 to 8.2×10−2 m3 
kg−1 for tuffaceous sandstone at pHs 8.5 to 11.5. The values and pH dependence of Kd for Se(−II) 
species on granodiorite obtained in this study agree with previously reported ones for Se(IV) 
species obtained under other redox conditions. Experimental results suggest that biotite 
dominates the sorption of Se(−II) species onto granodiorite at neutral-alkaline pH, and the 
sorption mechanism is surface complexation with ≡AlOH sites and ≡FeOH sites. The Kd values 
for Se(−II) on sandy mudstone and tuffaceous sandstone obtained in this study were about 1 
order of magnitude higher than previously reported ones for Se(IV) species. Experimental 
results suggest that pyrite is the dominant sorbent mineral for Se(−II) species in sandy mudstone 
and tuffaceous sandstone at neutral-alkaline pH. The higher Kd values for Se(−II) species are 
likely to be due to the strong sorption of Se(−II) species onto pyrite in sandy mudstone and 
tuffaceous sandstone. The sorption mechanism of Se(−II) species onto pyrite is estimated to be a 
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–74 ± 27 –118 ± 20 –205 ± 4
<0.17 0.2±0.1 1.1±0.1
Dissolved ion Na+ 9.6×10–4 7.4×10–2 1.3×10–1
(mol dm–3) K+ 9.2×10–5 8.0×10–4 6.1×10–4
Mg2+ 3.5×10–4 1.6×10–3 3.8×10–3
Ca2+ 6.0×10–4 5.2×10–3 9.0×10–3
NH4
+ <5.6×10–6 3.6×10–3 2.0×10–4
Cl– 7.3×10–4 1.2×10–1 1.4×10–1
HCO3
– 1.8×10–3 1.6×10–3 1.0×10–3
SO4
2– 8.3×10–5 1.0×10–5 4.5×10–4
HS– <1.6×10–5 Not determined 1.3×10–3
NO3
– 5.6×10–5 1.0×10–5 <1.6×10–6
NO2
– 4.3×10–6 Not determined <2.2×10–6





Organic carbon (mg dm–3)















Specific gravity (kg m-3) 2.73×103 2.67×103 2.23×103
Water content (wt%) 0.35 15.1 13.1
Porosity (vol%) 1.17 29.0 26.3
Cation exchange capacity (eq kg-1) 1.2×10-2 2.3×10-1 7.0×10-3
Anion exchange capacity (eq kg-1) <1×10-3 1.7×10-2 <1×10-3
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Table 5-3 Mineral and chemical compositions of rock sample 
 
Quartz +++ +++ +++
Albite ++ + +
Anorthite ++ + –
Microcline + ++ –
Tremolite + – –
Calcite – – +++
Pyrite – (+) (+)
Mica group ++ + (+)
Chlorite – + (+)
Smectite group – + –
Kaolin mineral – + –
SiO2 63.0 52.2 57.2
Al2O3 15.0 20.0 12.6
CaO 4.4 3.3 18.8
K2O 3.3 7.8 1.2
MgO 3.5 1.0 2.8
Na2O 3.6 1.2 3.3
FeO – 10.9 –
Fe2O3 5.6 – 2.5
TiO2 0.7 1.3 0.2
SO3 – 2.3 0.5
BaO 0.5 – –
SrO 0.1 – –
MnO 0.1 – 0.6















* Relative intensity; +++: strong, ++: medium, +: weak, (+): very weak, –: not detected.  
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Table 5-4 Mineral composition of granodiorite identified by polarization microscopy 
 
Quantitative ratio (%)
Quartz 20 – 50
Plagioclase 20 – 50
Biotite 5 – 20




































58 26.6 ± 0.2 8.68 -0.30 (1.20 ± 0.03)×10-9 8.61 -0.29 (4.00 ± 0.67)×10-10 (4.0 ± 0.9)×10-3 62
9.44 -0.30 9.35 -0.31 (5.63 ± 0.80)×10-10 (2.2 ± 0.5)×10-3 48
10.40 -0.39 10.05 -0.34 (8.05 ± 0.84)×10-10 (1.0 ± 0.3)×10-3 31
11.50 -0.40 10.96 -0.40 (1.03 ± 0.09)×10-9 (3.5 ± 2.8)×10-4 14
58 26.6 ± 0.2 8.64 -0.31 (8.92 ± 0.15)×10-9 8.43 -0.33 (3.40 ± 0.16)×10-9 (3.3 ± 0.2)×10-3 58
9.49 -0.33 9.34 -0.35 (4.92 ± 0.18)×10-9 (1.6 ± 0.1)×10-3 41
10.54 -0.37 10.10 -0.37 (6.31 ± 0.20)×10-9 (8.6 ± 1.2)×10-4 28
11.57 -0.39 11.06 -0.41 (8.08 ± 0.22)×10-9 (2.2 ± 0.9)×10-4 9
Sterilized 58 26.6 ± 0.2 10.67 -0.40 (8.56 ± 0.10)×10-9 10.45 -0.33 (7.34 ± 0.18)×10-9 (3.6 ± 0.8)×10-4 14
58 17.9 ± 0.3 8.59 -0.27 (6.30 ± 0.08)×10-10 8.85 -0.37 (3.47 ± 2.11)×10-11 (5.6 ± 3.4)×10-2 94
9.30 -0.31 9.25 -0.38 (4.47 ± 2.30)×10-11 (4.2 ± 2.2)×10-2 93
9.95 -0.33 9.18 -0.38 (5.49 ± 2.12)×10-11 (3.4 ± 1.3)×10-2 91
11.36 -0.40 9.59 -0.39 (3.62 ± 2.48)×10-11 (5.3 ± 3.7)×10-2 94
58 17.9 ± 0.3 8.77 -0.29 (3.85 ± 0.10)×10-9 9.21 -0.39 (3.14 ± 0.34)×10-10 (3.7 ± 0.4)×10-2 92
9.48 -0.32 9.60 -0.40 (3.46 ± 0.36)×10-10 (3.3 ± 0.4)×10-2 91
10.07 -0.35 9.50 -0.41 (3.16 ± 0.32)×10-10 (3.6 ± 0.4)×10-2 92
10.94 -0.39 9.97 -0.42 (3.02 ± 0.35)×10-10 (3.8 ± 0.5)×10-2 92
Sterilized 58 17.9 ± 0.3 10.96 -0.43 (4.12 ± 0.10)×10-9 10.42 -0.42 (1.71 ± 0.40)×10-10 (7.5 ± 1.8)×10-2 96
58 19.4 ± 0.8 8.08 -0.30 (1.79 ± 0.03)×10-9 9.14 -0.39 (6.31 ± 2.28)×10-11 (8.2 ± 3.0)×10-2 96
9.36 -0.37 10.15 -0.42 (8.59 ± 2.46)×10-11 (5.9 ± 1.7)×10-2 95
10.10 -0.39 10.35 -0.42 (1.04 ± 0.26)×10-10 (4.8 ± 1.2)×10-2 94
10.98 -0.41 10.55 -0.42 (1.02 ± 0.24)×10-10 (5.0 ± 1.2)×10-2 94
58 19.4 ± 0.8 8.77 -0.33 (8.26 ± 0.14)×10-9 9.66 -0.40 (3.84 ± 0.36)×10-10 (6.1 ± 0.6)×10-2 95
9.50 -0.36 10.34 -0.42 (5.23 ± 0.58)×10-10 (4.4 ± 0.5)×10-2 94
10.25 -0.38 10.61 -0.42 (6.19 ± 0.34)×10-10 (3.7 ± 0.3)×10-2 93
11.00 -0.39 10.91 -0.43 (7.74 ± 0.50)×10-10 (2.9 ± 0.2)×10-2 91






































  K d
  (m3 kg-1)
   R s
   (%)
Initial solution 0.05 8.22 -0.35 (6.12 ± 0.08 )×10-9 － －
10.24 -0.35 － －
11.83 -0.49 － －
0.5 8.50 -0.32 (6.21 ± 0.08 )×10-9 － －
10.43 -0.37 － －
11.71 -0.47 － －
Quartz 0.05 8.66 -0.48 (5.98 ± 0.15)×10-9 (2.0 ± 3.3)×10-3 2
9.54 -0.50 (5.96 ± 0.15)×10-9 (2.5 ± 3.7)×10-3 3
10.53 -0.51 (6.58 ± 1.55)×10-9 0 0
0.5 8.50 -0.49 (6.05 ± 0.20)×10-9 (2.4 ± 4.4)×10-3 3
9.36 -0.50 (6.11 ± 0.21)×10-9 (1.5 ± 4.5)×10-3 2
10.25 -0.51 (5.68 ± 0.20)×10-9 (8.5 ± 4.8)×10-3 8
Albite 0.05 8.68 -0.49 (5.71 ± 0.15)×10-9 (6.8 ± 3.7)×10-3 7
10.21 -0.52 (6.08 ± 0.16)×10-9 (0.5 ± 3.4)×10-3 1
12.11 -0.52 (6.31 ± 0.15)×10-9 0 0
0.5 8.55 -0.50 (5.73 ± 0.20)×10-9 (7.2 ± 4.6)×10-3 8
10.14 -0.51 (5.63 ± 0.20)×10-9 (9.6 ± 4.8)×10-3 9
11.96 -0.53 (5.63 ± 0.19)×10-9 (1.0 ± 0.5)×10-2 9
Calcite 0.05 8.70 -0.43 (3.18 ± 0.11)×10-9 (7.9 ± 0.6)×10-2 48
10.53 -0.47 (3.41 ± 0.12)×10-9 (7.3 ± 0.6)×10-2 44
12.18 -0.50 (4.62 ± 0.13)×10-9 (3.1 ± 0.4)×10-2 25
0.5 8.61 -0.47 (4.77 ± 0.18)×10-9 (2.9 ± 0.6)×10-2 23
10.54 -0.50 (5.42 ± 0.20)×10-9 (1.3 ± 0.5)×10-2 13
12.03 -0.51 (5.00 ± 0.18)×10-9 (2.3 ± 0.5)×10-2 19
Biotite 0.05 8.59 -0.32 (4.07 ± 0.07)×10-9 (5.0 ± 0.3)×10-2 34
10.41 -0.37 (5.31 ± 0.09)×10-9 (1.2 ± 0.2)×10-2 13
11.99 -0.57 (5.75 ± 0.09)×10-9 (6.1 ± 2.4)×10-3 6
0.5 8.50 -0.40 (3.45 ± 0.12)×10-9 (7.9 ± 0.6)×10-2 44
10.22 -0.42 (5.45 ± 0.15)×10-9 (1.4 ± 0.4)×10-2 12
11.89 -0.57 (5.01 ± 0.14)×10-9 (2.2 ± 0.4)×10-2 19
Chlorite 0.05 8.77 -0.49 (2.75 ± 0.10)×10-9 (1.2 ± 0.1)×10-1 55
10.72 -0.47 (3.94 ± 0.12)×10-9 (5.5 ± 0.5)×10-2 36
12.42 -0.60 (5.41 ± 0.14)×10-9 (1.3 ± 0.4)×10-2 12
0.5 8.67 -0.46 (3.79 ± 0.12)×10-9 (6.5 ± 0.6)×10-2 39
10.69 -0.52 (5.39 ± 0.14)×10-9 (1.6 ± 0.4)×10-2 13
12.25 -0.58 (5.40 ± 0.14)×10-9 (1.6 ± 0.4)×10-2 13
Montmorillonite 0.05 8.78 -0.34 (1.46 ± 0.09)×10-9 (2.9 ± 0.2)×10-1 76
10.51 -0.35 (4.99 ± 0.14)×10-9 (1.8 ± 0.4)×10-2 18
12.03 -0.53 (5.61 ± 0.15)×10-9 (7.9 ± 3.6)×10-3 8
0.5 8.60 -0.37 (2.84 ± 0.11)×10-9 (1.0 ± 0.1)×10-1 54
9.86 -0.38 (3.25 ± 0.14)×10-9 (8.9 ± 0.8)×10-2 48
11.81 -0.55 (4.99 ± 0.14)×10-9 (1.9 ± 0.3)×10-2 20
Goethite 0.05 8.65 -0.37 (6.83 ± 3.12)×10-11 (7.9 ± 3.6 )×100 99
10.00 -0.43 (8.32 ± 0.62)×10-10 (5.2 ± 0.4)×10-1 86
12.32 -0.56 (5.22 ± 0.14)×10-9 (1.5 ± 0.4)×10-2 15
0.5 8.54 -0.36 (1.31 ± 0.36)×10-10 (4.5 ± 1.2)×100 98
10.01 -0.40 (9.96 ± 0.68)×10-10 (4.7 ± 0.3)×10-1 84
12.35 -0.52 (5.25 ± 0.14)×10-9 (1.7 ± 0.4)×10-2 15
Pyrite 0.05 9.86 -0.55 (1.11 ± 0.35)×10-10 (5.9 ± 1.8)×100 98
10.90 -0.57 (7.20 ± 3.22)×10-11 (7.4 ± 3.3)×100 99
12.27 -0.60 (4.78 ± 0.52)×10-10 (1.3 ± 0.1)×100 92
0.5 9.91 -0.51 (6.02 ± 3.34)×10-11 (9.9 ± 5.5)×100 99
11.04 -0.55 (1.20 ± 0.38)×10-10 (5.7 ± 1.8)×100 98


































Fig. 5-1 UV-Vis spectrum of the Se(−II) stock solution (Se concentration: 3×10−5 mol dm−3, pH: 
11.05 and Eh: −0.42 V). The absorption band at 245 nm was assigned to the HSe− ion, 


















































Fig. 5-2 Experimental conditions of initial (open symbols) and equilibrated (filled symbols) 
solutions in a pH-Eh diagram for the H-O-Se system under standard conditions. The 
total concentration of Se is 10−8 mol dm−3. The circles and triangles represent the 





































































































Fig.5-4 Comparison of Kd for minerals obtained in this study and previously reported ones ((a) 
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Fig. 5-5 Time dependences of Se concentrations in the sorption experimental runs using 
granodiorite in the lower Se concentration experimental runs (a) and the higher Se 















































Fig. 5-6 Plots of Kd for granodiorite (a), sandy mudstone (b), and tuffaceous sandstone (c) vs. 
pH. Circles represent data from the lower Se concentration experimental runs; squares 
represent data from the higher Se concentration experimental runs; triangles represent 

















































Fig. 5-7 Comparison of selenium Kd values for granodiorite obtained in this study and 































































Fig. 5-8 Comparison of selenium Kd values for sandy mudstone obtained in this study and 

































Fig. 5-9 Comparison of selenium Kd values for tuffaceous sandstone obtained in this study and 




6. Concluding remarks 
   
6.1. Summary 
 
The geochemical information on the migration of Se in the disposal environments of HLW was 
obtained with laboratory experiments, to improve reliability of the safety assessment of HLW 
disposal system.  
  The solubility limiting solid of Se near the vitrified waste and overpack in the disposal 
environments was determined by dissolution experiments in the presence of Fe under reducing 
conditions in chapter 2. Ferroselite (FeSe2) which was the most thermodynamically stable solid 
phase under the experimental conditions was employed as the starting solid in the undersaturation 
experiments and formed in the oversaturation experiments. However, the obtained values of ion 
activity product for the reaction of 0.5FeSe2 + H+ + e− = 0.5Fe2+ + HSe− were 3 to 4 orders of 
magnitude higher than the equilibrium constants calculated from existing thermodynamic data. 
The dominant dissolution reaction of Se was determined as Se(s) + H+ + 2e− = HSe− and its 
equilibrium constant was determined to be log K0 = −7.46±0.11. This value agrees with the value 
of log K0 = −7.62±0.06 calculated from existing thermodynamic data of Se(cr) and HSe− within 
errors, which suggests that the solubility limiting solid is Se(cr) in the disposal environments even 
if Fe-Se compounds are formed.
The equilibrium constants of the dissolution reaction of Se were obtained by dissolution 
experiments in chapter 3. The solubility limiting solid and the dominant dissolved species were 
determined as Se(am) and HSe− at pH between 5 and 8. The equilibrium constant of dissolution 
reaction was obtained as 
 
 Se(am) + H+ + 2e− = HSe−     log K01 = −6.57±0.15.   (6-1) 
 
The solubility of Se limited by Se(am) can be about 1 order of magnitude higher than that limited 
by Se(cr), however, the solubility of Se is likely to be limited by Se(cr) near overpacks in the 
disposal environments, because the concentration of HSe− was limited by Se(cr) in the presence 
of Fe (chapter 2). The solubility limiting solid and the dominant dissolved species were 
determined as Se(cr) and Se42− at pH between 9 and 13. The equilibrium constant of dissolution 
reaction was obtained as 
 
 4Se(cr) + 2e− = Se42−    log K02 = −16.67±0.03.  (6-2) 
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This value agrees with the value calculated from existing thermodynamic data. The validity of the 
solubility evaluations by using existing thermodynamic data was confirmed. 
The activity coefficients for HSe− and Se42− in NaCl solution were also determined in chapter 3. 
The ion interaction coefficients by which activity coefficients can be corrected at high ionic 
strength were obtained as (HSe−, Na+) = −0.01±0.10 and (Se42−, Na+) = −0.03±0.02 for HSe− 
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Effective diffusion coefficients (De) of Se(−II) and Se(IV) species through bentonite/sand 
mixtures were systematically obtained under the condition of variable bentonite content and 
porewater salinity, and a diffusion model was developed to understand the diffusion behaviors of 
Se species in the bentonite porewater in chapter 4. The De values of Se(−II) species were within a 
range of 9.7×10−12 - 5.9×10−11 m2 s−1, and decreased with increasing bentonite content and 
decreasing salinity. The diffusion model was based on the electric double layer theory and the 
pore diffusion model, assuming that anionic Se species diffuse through only the macro pore. The 
calculated De values of Se species agreed with the experimentally measured ones, which help in 
the understanding of the diffusion behavior of Se species in the bentonite porewater. 
The sorption behaviors of Se(−II) species onto rocks were investigated by batch sorption 
experiments under reducing conditions in chapter 5. Granodiorite was used to represent 
crystalline rocks, and sandy mudstone and tuffaceous sandstone were used to represent 
sedimentary rocks. The sorption behaviors of Se(−II) species onto major constituent minerals and 
accessory minerals of these rocks were also investigated to identify which minerals were the most 
sorbent for Se(−II) species and to estimate the sorption mechanism. Obtained sorption 
distribution coefficients (Kd) were in a range of 2.2×10−4 to 4.0×10−3 m3 kg−1 for granodiorite, 
3.3×10−2 to 5.6×10−2 m3 kg−1 for sandy mudstone and 2.9×10−2 to 8.2×10−2 m3 kg−1 for tuffaceous 
sandstone at pHs 8.5 to 11.5. The values and pH dependence of Kd for Se(−II) species on 
granodiorite agree with those for Se(IV) species. Experimental results suggest that biotite 
dominates the sorption of Se(−II) species onto granodiorite at neutral-alkaline pH, and the 
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sorption mechanism is surface complexation with ≡AlOH sites and ≡FeOH sites. The Kd values 
for Se(−II) species on sandy mudstone and tuffaceous sandstone were about 1 order of 
magnitude higher than those for Se(IV) species. Experimental results suggest that pyrite is the 
dominant sorbent mineral for Se(−II) species in the sandy mudstone and tuffaceous sandstone at 
neutral-alkaline pH. The higher Kd values for Se(−II) species are likely to be due to the strong 
sorption of Se(−II) species onto pyrite in sandy mudstone and tuffaceous sandstone. The 
sorption mechanism of Se(−II) species onto pyrite is estimated to be a local redox reaction with 
sulfur at the surface. 
 
6.2. Contribution to the Safety Assessment of HLW Disposal System 
 
This study was carried out to improve reliability of the safety assessment of HLW disposal 
system. The geochemical information on the migration of Se obtained in this study contributes to 
the safety assessment of HLW disposal system as follows. The key migration parameters 
determined in this study are summarized in Table 6-1 for the comparison with the previous 
ones.1) The compositions of the two types of model groundwaters and porewaters,1) fresh and 
saline type, used in the parameter determinations are summarized in Table 6-2. 
The solubility of Se in the disposal environments was expected to be limited to less than 10-8 
mol dm-3 by FeSe2 in the previous evaluations.1) However, the solubility limiting of Se by Fe-Se 
compounds had not been observed in laboratory experiments. Therefore, there was a possibility 
of an underestimation and a large uncertainty in the previous solubility evaluations. In this study, 
it was clarified that the solubility of Se was limited by Se(cr) rather than Fe-Se compounds from 
the dissolution experiments. The solubility of Se was estimated to be several orders of magnitude 
higher than the previous evaluation. 
The equilibrium constants for dissolution reactions of Se were estimated by thermodynamic 
calculations with existing thermodynamic data in the previous evaluations.1) However, the 
validity of the equilibrium constants have not been confirmed in aqueous systems. In this study, 
the equilibrium constants of dissolution reactions of Se were obtained by dissolution experiments. 
The obtained values consisted with the values calculated from the existing thermodynamic data. 
From the results, the validity of the equilibrium constants were confirmed and the scientific 
reliability of the solubility evaluations were improved.  
The activity coefficients of HSe− species were calculated by the Davies equation (Eq. 1-10) in 
the previous solubility evaluations.1) However, the Davies equation is not valid when the ionic 
strength is more than 0.1 mol kg-1. The ionic strength of the porewater relevant to saline 
 116
groundwater is approximately 0.6 mol kg-1, the Davies equation overestimates the activity 
coefficient at such high ionic strength. In this study, the activity coefficients of HSe− and Se42− 
species were determined by SIT for high ionic strength. The activity coefficient of HSe− in saline 
type porewater calculated from SIT is lower than that from the Davies equation. It enables us to 
evaluate the solubility of Se under the saline groundwater conditions in coastal repositories more 
properly. The solubility of Se reevaluated from the results of this study was indicated to be 2 to 4 
orders of magnitude higher than the previous estimation (Table 6-1). 
The diffusivity of HSe− in the bentonite buffer material was evaluated from diffusion data of I− 
considering the charge of the species in the previous safety assessments, due to the lack of 
diffusion data of HSe−. Besides, the diffusion characteristics of Se species had not been clarified. 
In this study, systematic diffusion data of Se species were obtained under variable bentonite 
content and porewater salinity, and diffusion behaviors of Se species in the bentonite porewater 
were modeled based on the electric double layer theory and the pore diffusion model. The 
effective diffusion coefficients of HSe− in the porewater (Dmp; summarized in Table 4-4) was 
estimated to be 7×10−11 to 2×10−10 m2 s−1 at 25°C. The repository temperature is conservatively 
assumed to be 60°C, the temperature correction was based on the activation energy for diffusion 







EAD expp         (6-5) 
 
where A is pre-exponential factor, R is gas constant and T is temperature. The Dp values under the 
unaltered bentonite conditions agree with the previous evaluated ones, but that under the altered 
bentonite condition is about a quarter of the previous evaluated one (Table 6-1). The previous 
evaluation was likely to be excessively conservative. From the results of this study, it became 
possible to evaluate the variation in diffusivity caused by the change in the disposal environments 
on scientific grounds. 
The sorption distribution coefficients of HSe− on rocks were evaluated from extremely 
limited sorption data of HSe− to be 0.01 or 0.001 m3 kg-1 in the previous evaluations.1) The 
validity of the evaluations has not been confirmed, due to the lack of sorption data and 
understanding of the sorption mechanisms of HSe−. In this study, systematic sorption data of 
HSe− were obtained for crystalline and sedimentary rocks under variable pH. The obtained Kd for 
sandy mudstone and tuffaceous sandstone were higher than the previous evaluated ones. On the 
other hand, the obtained Kd for granodiorite were lower than the previous evaluated ones (Table 
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6-1). The most sorbent mineral and the sorption mechanisms of HSe− were identified from the 
sorption data for the major constituent minerals and accessory minerals of rocks. The correlation 
of Kd between rocks and the sorbent minerals, and the sorption mechanisms were clarified. The 
results of this study give a scientific basis to the evaluation of Kd for HSe−. 
In this way, the geochemical information on the migration of Se obtained in this study 
contributes to the improvement of the reliability of the safety assessment of HLW disposal system. 
Further investigations are necessary for the porewater chemistry in bentonite buffer materials 
which affects solubility and diffusivity, and thermodynamic modeling for quantitative 








1) Japan Nuclear Cycle Development Institute (JNC), H12: Project to establish the scientific 
and technical basis for HLW disposal in Japan - Second progress report on research and 
development for the geological disposal of HLW in Japan, JNC TN 1410 2000-001, JNC 
(2000).  





Table 6-1 Key migration parameters of Se for the safety assessment calculations 
 
Previous evaluation 1) This study
FeSe2 Se(cr)
HSe– same as on the left
FeSe2 + 2H
+ + 2e– = Fe2+ + 2HSe– Se(cr) + H+ + 2e– = HSe–
log K 0 = –18.8 log K 0 = –7.62±0.06
Model Davies SIT
Fresh water 0.87 0.87
Saline water 0.71 0.65
Fresh water 310-9 210-7








Granite 0.01 0.001 - 0.01
(dependent on biotite content
  and pH）
Mudstone 0.01 0.01 - 0.1
(dependent on pyrite content）
Sandstone 0.001 0.001 - 0.1



























Na 3.610-3 6.210-1 2.810-2 5.710-1
K 6.210-5 1.110-2 1.210-4 3.410-3
Mg 5.010-5 2.510-4 4.210-6 1.510-3
Ca 1.110-4 3.310-4 5.310-5 1.410-2
Al 3.410-7 3.210-9 3.410-7 3.210-9
Si 3.410-4 3.010-4 3.410-4 2.710-4
Fe 9.710-10 3.910-8 2.010-9 2.210-7
F 5.410-5 1.010-4 5.410-5 1.010-4
Cl 1.510-5 5.910-1 1.510-5 5.910-1
C 3.510-3 3.510-2 1.610-2 2.210-2
S 1.110-4 3.010-2 1.110-4 7.210-9
B 2.910-4 1.710-3 2.910-4 1.710-3
P 2.910-6 2.610-7 2.910-6 2.610-7
N 2.310-5 5.210-3 2.310-5 5.110-3
Br 5.310-4 – 5.310-4
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